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PREFACE

This final report c¢ontains the results of an effort to
investigate foaminess and gas retention of turbine-engine lubricants
to obtain a fundamental understanding of the causes of such effects.
The work was performed in the Colloid and Surface Chemistry
Laboratories, Departnent of Chemistry, Renzselaer Polytechnic

Institute, Troy, N.Y. 12181, by Professor Sydney Ross, Dr Yaakov

Suzin, IMr D.F. Townsend, and Mrs Tammar Suzin during the period
September 198C to August 1283, The effort was cponsored Dby the
Aero Propuls=ion Laboratory, Air Force Wright Aeronautical

Laboratories, Ailr Force Systems Command, Wright-Fatterson AFB, Cnio,
under Ccntract F33615-80-C-2017. The work was accomplished wunder
Project 3048, Task 304806, Work Unit 304380614, Foaming and Aeration
Characteristics of Turbine Lubricants, with Mr H.A. Smith and Mr

Phillip W. Centers as Project Engineers.
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SECTION I
INTRODUCTION

In the functioning of a lubricating oil in engines and in
various types of other mechanisms, it is not unusual to come across

the formation of o0il foam. Severe foaming of a turbine-engine
lubricant can lead to breakdown ¢f the normal operation of aircraft
lubricating systems. Difficulties that can arise include

fluctuations of o0il pressure, oil-pump cavitation, decrease 1in
lubrication and cooling efficiencies and, in exXtreme cases, loss of
0oil overboard through the breathers. Therefore, measures to combat
foam are necessary. The problem has proved to be stubborn, as
different +types of o0il respond differently to antifoam additives;
and it i1s further complicated by the presence of proprietary
compounds (additives) used to enhance lubricity, thermal stability,

and extreme-pressure characteristics of the oils. These additives
include oxidation inhibitors, viscosity-index improvers, pour-point
depressants, dispersing agents and oil-soluble detergents. In

addition, in order to neutralize corrosive acids, which are produced
by the burning of petroleum fuels, colloidal dispersions of alkali-
earth carbonates, in which the particles are stabilized by adsorbed
layers of surface-active agents, are sometimes provided in mineral
oils. Furthermore, o0ils can change during use or even during
storage and produce undesirable results: in some cases uszad or
stored oils have lost their antifoam additives; again, the oils may
leach out organic products from sealants and elastomers, or they may

generate oxidized or decomposition products that cause f{oaming. As
the outcome of so many different causes, the problem of foam
presents itself frequently. The basic mechanisms of foam

formation, foam <collapse, and foam inhibition are not sufficiently

well understood to anticipate problems, to diagnose difficulties and )
to develop lubricants with improved foam properties. Unless =uch o
an understanding is reached of the fundamental principles <“hat 54
govern foam formation in a solution, each problem as it arises has

to be tackled de novo. The purpose of this research project {1i o

study the basic mechanisms that affect and control the foaming of
turbine-engine lubricants.

The experimental approach 1is to select a typical syathetic
lubricant and then to discover circumstances that cause it tc foam.
The nature of the foam thus produced is then to be studied as a
function of pertinent variables, such as temperatur=z, or the
presence and amount of contaminants o¢r additives present. The
altered physical properties of the lubricant introduced by these
controlled <conditions are next to be studied, guided by the best
available theories of the stability of liquid £films, to find
possible correlations with, and hence causes for, the formaticn and
stabilization of foam.
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SECTION II
LITERATURE SURVEY

1. Rayleigh-Giblis Theory of Foam

Pure liquids do not form stable foams, but allow entrained air
to escape wWith no delay other than what is inseparable from the
Stokesian rate of rise, which is controlled by the diameter of the
bubble of dispersed air and the viscosity of the bulk ligquid.
Certain solutes are able to stabilize thin sheets (or lamellae) of
liquid: if these solutes are present the escape of entrained bubbles
is more or less retarded, and a head cf foam is produced. Theories
of foam postulate plausible mechanisms to account for this behavior,
with the wultimate objective of understanding the phenomenon so
thoroughly that predictions can be made akout expected behavior of a
given solute prior to actual observation. One may say at the
outset that this final goal is not yet completely attained.

The earliest of these theories, the one usually designated the
Rayleigh-Gibbs theory!. 2 has best withstood <c¢riticism through the
years. This theory refers the stability of foam to an elasticity
or restoration of liquid lamellae, which depends on the existence cf
an adsorbed layer of solute at the liguid surface and the effect of
this adsorbed layer in lowering the surface tension of the solution
below that of the solvent. The two effects, surface segregation,
or adsorption, and the lowering of the surface tension, are
concomitant: a reduction of surface tension due to the addition of a
solute is evidence, admittedly indirect but no 1less <certain than
were 1t given by direct observation, that the solute is segregated
at the surface. The degree of the segregation 1is measured as
excess moles of solute per sguare centimeter of surface, designated
'y , and is proportional to the variation of the surface-tension
lowering with concentration of solute; i.e.,

ILb=dI/RT d 1ln a, (1)
where Il is the lowering of the surface tension caused by a
thermodynamic activity a, of solute in the solution. Equation [1]
is based on thermodynamics, derived for a two-component system. In

this report, the term "surface-active solute" denotes a solute that
reduces the surface tension of a liquid to any appreciable extent,
even by as little as 1 mN/m.

When local areas of a foam lamella are expanded, as would
happen for example when a bubble of air pushes throuch a 1liquid
surface, new areas of surface are created where the instantaneous
surface tension is large, because the adsorbed layer has not had
sufficient time to form. The greater surfacz2 tension in thece new
areas of surface exerts a pull on the adjoining areas of lower
tension, <causing the surface to flow teoward the regicn of greater
tension. The wviscous darag of the moving surface carries an
appreciable volume of underlying liquid along with it, thus
offsetting the effects of both hydrodynamic and capillary drainage
and restoring the thickness of the lamella.® Gibbs elasticity is
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defined as the ratio of the increase in the tension resulting from
an infinitesimal increase in the area and the relative increase of
the area. For a lamella with adsorbed solute on both sides, the
elasticity E is given by:*

E=24do/d ln A [2]

where ¢ 1s the surface tension and A is the area of the liguid
surface. The factor 2 is required because the stretching of the
lamella increases the area on both of its sides.

In general, the elasticity arising from the variation of the
surface tension during deformation of a liguid lamella may be
manifested both in eqguilibrium (when a surface layer under forces
leading to deformation is in equilibrium with its bulk phase) and in

non-equlibrium conditions. The first case refers to the Gibbs
elasticity and the second to the Marangoni elasticity.$ The
Marangoni elasticity is a dynamic, non-equilibrium property,

normally larger in wvalue than the Gibbs elasticity that could be
obtained in the sane system.

Attempts to test equation [2] have been made by measuring the
dynamic (i.e., nor-equilibrium) surface tension as the surface of a
solution is abruptly extended, or pulsated. Some investigators
have found dynamic surface tensions occurring at rather low
frequencies of dilatation-compression cycles, from one per minute to
one every thirty minutes; others® have used frequencies as high as
15 to 135 Hz (cycles/second), although such disturbances are far
from corresponding to the expansion-contraction cycles occurring in
an actual foam. The measurement must be made coincidentally with
the extension of the surface. Quite a different measurement is the
rate of decline of the surface tension of the wundisturbed liquid
surface with time. This property may be less significantly related
to foam stability: the times required for eqguilibrium to be
established at the surface are often 50 long compared to the
lifetime of a bubble, that they can have little relevance to the
phenomenon of foam creation and decay.

The Rayleigh-Gibbs theory depends therefore on a combination of
two physical properties of the solution: the solute should be
capable of 1lowering the surface tension of the medium; but this
alcne is not enough: a rate process is also required, by which a
freshly c¢reated liguid surface retains its initial, high, non-
equilibrium surface tension long enough for surface flow to occur.
Many instances are known in which the mere reduction of surface
tension by the solute does not lead to the stabilization of foam,
Presumably because it is not accompanied by the relatively slow
attainment of equilibrium, after a fresh surface is made, which is
the second requirement for the ability to stabilize bubbles.

The foregoing theory was developed bearing in miad chiefly the
behavior of agueous solutions; but water 1is a peculiar solvent
inasmuch as its high surface tension depends upon hydrogen bonding
between molecules, and so is readily reduced in ‘he presence of
solutes that are not able to take part 1in hydrogen bonding with
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water molecules, and that, as a result, interfere with and disrup<:
the hydrogen bonding between the water molecules. An oil solwvent,
lacking the ability to hydrogen bond, at least to the same degree,
and so unable to produce the same effects, has a lower surface
tension than water: the presence of a solute therefore does not
usually reduce the surface tension of an o011, even though the
solvent molecules may be only partially able to enter into an
heteromolecular interaction with the solvent molecules. 1£ a
change of conditions, either of <¢oncentration or of temperature,
decreases the heteromolecular interaction the solute will approacn
phase separation; and as a portent of its insolubility will becin to
segregate at the surface and to manifest surface activity. (This
behavior is named Lundelius' Rule.) But even then, the overt
manifestation of surface activity, that is, the reduction of the
surface tension, is not as pronounced in oil solutions as in agueous
solutions. Dilatation of the surface ¢f an oil solution would neot,
therefore, create as pronounced a dilution of the surface
concentration of the solute, with its consequent increase of surface
tension, &s is observed in agueous solutions of adscrbed sclutes.
What has been reduced only slightly in the first instance cannot he
expected to increase by much when conditions are reversed. In oil
solutions, however, contraction of a surface in which a solute is
adsorbed does mucl. more to magnify the effect or its presence than
does expansion; for while there is barely any scope for the surface

tension to rise, there 1s less limitation for it to decline.
Liguid 1lamellae of o0il solutions, therefore, typically manifest
elasticity on contraction; whereas with aquecus solutions, the

elaslicity of lamellae is manifest typically on dilatation.

2. Enhanced Viscosity or Rigidity at the Liquid-Gas Interface

A single surface-active species in solution does not usually

confer any increase of the viscosity, much less 1rigidity, in the
surface layer of the solution. Althoudgh foam is capable of being
produced by such a solute, the foam is of Dbrief duration. That

kind of foam is called "evanescent foam,'" but it can nevertheless be
a cause of concern; because if produced rapidly it can reach a large
expansion ratio and so flood any container. Much more stable foam
is created if, in addition to the Rayleigh-Gibbs effect described
above, the surface layer of the solution has an enhanced viscosity
or rigidity.? This phenomenon is known to occur in water with
certain mixtures of solutes or with certain polymers, both natural
and synthetic. The best known examples 1in agueous systems are
solutions of water-soluble proteins, such as casein or albumen.
Common exammles are the stable foams produced with whipping c<¢ream,
egg white, beer, or rubber latex. In many other examples the
highly viscous surface layer is made by having present one or more
additional compeonents in the solution. An example is the increase
in surface viscosity of a mixture of tannin and heptanoic acid in
agqueous solution, compared to the effect of the two constituents
separately. In non~-agqueous liquilds, particularly 1in bunker oils
and crude oils, surface layers of high viscosity have been observed;
porphyrins of high molecular weight have been indicated as a
possible source of this effect. In a hydrocarvon lubricant, the
additive calcium sulfonate, for example, has been identif:ed as
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creating a plastic skin (or two-dimensional Bingham body) at the air
interface; it also acts as a foam stabil.zer.?® These viscous or

rigid layers 1n non-aqueous liquids enhance the stability of foam,
just as they do in aqueous solutions.? 10, 11

Different kinds of surface viscosity are also distinguished:

a. Innate surface viscosity: This viscosity is the resistance to
flow that 1is innately associated with the presence of a liquid
surface, whether or not there are additional sources of
resistance szuch as those descriked below.!'?2

. Surface-shear viscosity: This viscosity is associated with the
rresence of a pellicle or skin, such as an insoluble monolavyer,

bhut not restricted to that example, at the ligquid surface. A

layer of denatured protein that stabilizes the foam of meringue,

or of whipped cream, or of beer, is a common example.

Dilatational or compressicnal viscosity: The surface

that arises from local differences of surface

simultaneously associated with a resistance to surface flow.

The 1local difference of surface tension is caused by dilatation

or compression of the surface of the solution,

to flow thet results from
dilatational

elasticity
tension 1s

so the resistance
Marangoni «counterfliow 1is  known as
{or compressional) surface viscosity.

Mutual Repulsion of Qverlapping pouble Layers

The adsorption of icnic surfactants into the surface laver is
evident in aquecus solutionsz and readily leads to the
chargad surfaces of the lamellae in foams. '3 The
the liquid interlayer of the lamella are the compensating charges.
When the thicrnaess of the lamella is of the order of magnitude of
twenty times the Debye thickness of the electrical double laver, the
counter-ions adjacent to the two opposite surfaces repel each other
more o©r less according to an exponential decline of electric
potential with distance. This repulcion prevents further
of the lamella, and so preserves it from imminent rupture,

formation of
counter-ions in

thinning

The mechanism of charge separation +Lhat

operates in water
cannet occur in non-ionising solvents.

Until relatively recently
the conclusion was maintained, therefore, that electrostatic
repulsion of overlapping electrical double layers could not be a
factor

in the stabilizing of liquid lamallae in oil foams.
now recognize that other mechanisms
possible, and indeed must operate; for zeta potentials of 2% to 125
millivolts have been observed feor various kinds of
dispersed in non-aqueous media of low conductivity.

But we
ot charge separation ar .:

particle

Nevertheless no evidence has yet heen reported Lo suggest that
foam may be stabilized by charged suriaces in non-a-jueous solutions.
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4. ©Effect of Dispersed Particles on Foam Stability

It was found experimentally by Ottewill et al.!* that the
presence of colloidally stable, suspended, solid particles increases
the tendency to form stabie foams over and above that of the matrix
in the absence of such part:icles. The increase in foam stability
is linked to the increased bulk viscosity of the dispersion with
solids content, which is described by a relation o¢f +the following
form:

Ng=" (1 + kK9 + k2 p2....) {3]
where 7o = viscosity of the liquid matrix, 74 = viscosity of the
dispersion, and ¢ = volume fraction of dispersed solidq. The

coefficient k., was larger than predicted by j;urely hydrodynamic
factors, being enhanced by the electrostatic repulsions between the
solid particles, which erfectively enlarges eaxch particle and so
creates a larger wolume fraction of solids than 1.0 calculated {rom
the density of the sclid. In addition, the pr-sence of a minimum
in the pair-interaction energy curve introduces some association
between the part:cles with increase in volume fr:ction, which lecads
to a viscosity enhancement at the low rates of shoar experiernced in
a slowly draining lamella. The effect of bulk-dispersion visco.ity
cn the ripples formed in the lamella surface by trnermal fluctuations
is not Xnown w:3th certainty, but it seems likely that this would
have a damping ef:ect on the magnitude of the riprles and thus lead
to further enhancement of foam stability.

5. Solution Theory of Surface Activity

While accepting the Rayleigh-Gibbs theory as an operative
mechanism underly:ng the stability of 1liguid lamellae, it still
¢'ves no guidance to the claracter of a surface-active solute. To
that end a theory of sclubility is required.!s 16 Scolution occurs
when solute-solvent interaction (or adhesional force) is strong
enough  to overcome the cohesion of the solvent molecules to
themselves ard the cohes:on of s2lute molecules to themselves.
When adhesional forces are markedly larger than c¢ohesional forces,
negative deviations from Raoult’'s law are chserved, and the two
components are found to be miscible in all proportions. Such a
condition 1is not conducive to surface activily, as solute has a
lower potential energy (i.e., more interaction) in the bulk-phaze
solution than 1in the surface-phase solution. But when the
adhesional forces are weaker than cohesicnal forces, the position is
reversed; and the solute does not have its lowest potential encrgy
in the bulk-phase solution. This coundition ofters a possibility
for surface activity, as there 1s now an opportunity for more
adhesional interaction with the solvent in the suriace-phase
sclution than in the bulk-phase sclution. Ve SIS thercztfore,
according to this theory, Lor positive devialtions from waoult's law
as tne first indicator of potential surface astivity 11t the
pocitive deviations  from kKaoult's law are lavge, the oysbLen of
solvent + solute way separa-.: intc Lwo immiszcible  solutions, In
such  systems of partial miscibilicy were found corrolatinmgs el eh
suriace activity, composi-on, L. tewperaturs., The jrartaal
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miscibility by itself is not the cause of the surface activity, but
is merely an indicator of the presence of positive deviations from
Raoult's law, which in turn may also be considered as an indicator
of weak adhesional forces between solvent and solute molecules.

This theory has promising and still unexplored corollaries. A
binary system consisting of a Lewis acid and a Lewis base would have
large adhesional interaction and so would lead to negative
deviations from Raoult's law. This has been observed, for example,
with the systems: <chloroform (Lewis acid) + acetone (Lewis base);
methyl ether (Lewis base) + hydrogen chloride (Lewis acid); pyridine
(Lewis base) + acetic acid (Lewis acid); and water (Lewis base) +
formic, nitric, hydrochloric, or hydrobromic acids (Lewis acids.)
These solutions all show negative deviations from Raocult's law, and
so would not be expected to have any significant surface activity.
On the other hand, the combination of two Lewis acids or two Lewis
bases leads to weak adhesional interaction and so is conducive to
surface activity. The synthetic esters used as lubricants are weak
Lewis bases and we should therefore be on the 1loockout for the
possibility of surface activity (and foamine:zs) when they are
combined with adcditives that are also Lewis bases, A future
activity 1is <the identification of lubricant additives in terms of
Lewis acids or bases.!’
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SECTION IIX
STUDIES INVOLVING POLYDIMETHYLSILOXANE

Most of the studies performed to date have been on the
synthetic 1lubricant ester designated Base Stock 704, which is a
practical grade of trimethylolpropane heptanocate (a more systematic
name would be 2-2-diheptanoyloxynethyl-n-butyl heptancate) and
mixtures of this ester with various additives. This ester is
designated tmp-heptanoate in this report.

1. Physical Properties of Tmp-Heptanocate.

Physical properties of interest to us are: [(a) The variation of
density with temperature, which is reported in Figure 1, along with
a comparison of the same property of water. (b) The wvariation of
the surface tensicn with temperature, which is reported in Figure 2.
(c) The variaticn of the wviscosity with temperature, which is
reported in Figure 3.

2. Sclubiiities of Polydimethylsiloxane in Tmp-Heptanoate

Measurements of solubilities of polydimethyl:ziloxane fractions,
by whatever techniques they are d:termined, are subject t» a
peculiarity of the material, namely, that if the range of molecular
weights in the sample is too wide, the higher members will register
insolubility while the lower members will not yet have reached their

saturation solubility. Consequently at concentrations well above
the apparent solubility 1l:imit, some fraction of the mater:al
continues to be extracted into the solution. We have observed the

effects of this phenomenon 1in the foaminess data, where the
foaminess increases with concentration of added polydimethyl-
siloxane, although the latter is well above its apparent 1limit of
solubility. If this had been a single molecular species the
foaminess would have become constant when maximum solubility was
reached, leaving out of account the possible foam-inhibiting effects
of the insoluble residue.

The determination of solubility is important because it is
normally related fto surface activity and hence to foaminess, As A
solute that interacts only slightly with the solvent approaches its
solubility limit it tends to concentrate in the surface phase in
prreference to the bulk phase; because in the surface region more
interaction with the solvent is possible. The concentrating of
solute in the surface phase is a manifestation of surface activity;
and to a close first approximation it is accompanied by an increase

of foaminess. As soon as nucleation and separation of solute
occurs, the dispersed phase, if it is of lower surface tension than
the medium, may act to inhibit foam. We have yet to find the
proper conditions for this behavior with polydirethylsiloxane in
tmp-heptanoate soluticns; in fact we observe an increase in
foaminess as concentrations are increased e/en beyond the
solubility~-point limit. This Dbehavior may b« explained by two

effects: the increase in concentration in the solution of scluble
polydimethylsiloxane of low molecular weight and the failure of the
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insoluble polydimethylsiloxane to behave as an antifoam because of
its wunsuitable degree of dispersion. Polydimethylsiloxane, or
silicone o0il, is a linear pnlymer that can be obtained commercially
in a number of different viscosities. Each such sample is not of
uniform molecular weight, but represents a distribution of molecular
weights. The number average molecular weight of the mixture 1is
related to the kinematic viscosity by the eguation:

log viscosity (centiStokes at 25°C) = 1.00 + 0.0123 M!'/2 (4]

This equation 1is reported to be reasonably valid for values of M
above 2500.!% Values of M calculated by this equation for some of

the samples of polydimethylsiloxane used in this work are reported
below:

Viscosity in ¢St at 25°C Number average mol. wt.
500 19,000
1000 26,000
10,000 60,000

The solubility in tmp-heptancate of various polydimethyl-
siloxane fractions, distinguished fror each other by the value of
their kinematic viscosity, was determined by means of the Faraday-
Tyndall effect (scattered l:ght) and is reported in Figure 4. The
solubility decreases with increasing molecular weight. Tmp -
heptanocate to which various amounts (volume percent) of toluene have
been added makes a better solvent, as is also shown in Figure 4.

The variation with temperature of the solubilities in tmp-
heptanocate of polydimethylsiloxane fractions of 500, 10093, and 5000
centiStokes viscosity is reported in Figure 5.

3. Foaminess of Polydimethylsiloxane in Tmp-Heptancate

When dissolved in tmp-heptanoate, polydimethylsiloxane of low
molecular weight is a surface-active solute. This fact is
demonstrated in Figure 6, which shows the variation with temperature
of the surface tension of a solution of polydimethylsiloxane (100
centiStokes viscosity) in tmp-heptanoate at a concentration of 30
ppm. The curve for the sclution lies below that of the solvent,
showing a lowering of the surface tension by about 6 mN/m at
temperatures between 35°C and 85°C.

Although polydimethylsiloxane is a foam inhibitor in
hydrocarbon lubricants, it only acts as such when it is present at
concentrations above 1its solubility limit, and even then only when
it i1s suitably dispersed. In the absence of the foam inhibiting
action of the insoluble fraction, which has not shown up yet in our
eXperiments in tmp-heptancate, we find the following:

Sclutions of wvarious c¢oncentrations of polydimethylsilcxane
(1000 centiStokes) in tmp-heptancate, in the range of 53 to 646 ppm
were tested for foam with an apparatus consisting of a 60x3 c¢m
jacketed glass cylinder having a flat chromatographic glass frit of
3.00 cm diameter at the bottom. Foam was generated with nitr-ygen
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gas, with flow rates up to 600 ml/minute and at temperatures of 25

to 95°C. The test results are reported in Yigures 7, 8, and 9. A

summary of results follows:

a. No significant foam is observed at concentrations less than 51
ppm at the temperatures and flow rates studied,.

b. In the range of concentrations of 50 to 324 ppm the foaminnss
increases with concentration of polydimethylsiloxane.

c. In the range of concentrations of 324 to 646 ppm the foaminass
no longer shows an increase with cencentration of
polydimethylsiloxane.

d. In the range of temperatures from 25 to 95°C the foaminess
increases with temperature at all concentrations of solute.

Foaminess 1s vreported in Figure~ 7, 8, and 9 in terms of the
"Foam Height". Other units used in :nig report are "Foam Volum="
and "Volume Ratio" (or “Foam V. uma Ratio'). The latter is tho
most readily obtained and least J uotful of any reading that can bhe
made of the amount of foam in u foam column, as it does not require
an estimate to be made of the position of the solution/foam

interface =-- an interfacc¢ that is often obscure and impossible to
identify with certainty. The foam volume is given by the topmost
reading at the foam/s1r interface; from this vo_.ume subtract the
volume of solution originally present in the vessal, to gel tie

volume of gas retained in the foam; the volume ratic is the ratiz of
gas to liquid volumes in the foam column, at constant temperature,

and at a rate of flow of nitrogen gas of 1000 ml/minute. Volume
ratios are calculated from the measured volume of foam cbtained from
a known volume of liquid. The volume ratio is calculated by the

eguation:
Volume Ratio = |(Foam volume) - (Liquid volume)l/(Liquid volume)

The volume of liquid in every test is 200 ml; w:th this datum othar
units, such as:

Expansion Factor = (Foam volume / Liquid volume)

may be calculated from the numpers for Volume Ratio.

At the higher concentrations reported, the polydimethylsiloxane
is beyond its solubility 1limit and turbidity is evident in the
solution:;. Nevertheless, the advent of insolubility and the
presence o©¢f undissolved spherical droplets of silicone o1l in Lhe
medium is not accompanied by the onset of foam inhipition, as has

been our experience with many other binary systems. The inhibition
of foam 1s well known to occur 1in hydrocarben lubricants with
silicones of viscosity from 1,000 to 60,000 centiStokes. The

observed effect 1in the synthetic Ilubricant, which is a beiter
solvent for polydimethylsiloxane, may be due to silicone polymer of
low molecular weights, which are profoamant, dissolved in the sy temn
to a level at which the antifoamant action of the dispersed
particulate silicone is not effective.
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Although we have not yet observed polydimethylsiloxane act as
an inhibitor for foamable solutions of this synthetic lubricant, we
have found other materials that can inhibit their foaminess. Ot
these the most effective, without evidence of "fatigue" in its
action even after continual bubbling for 24 hours, is G.E. FF-150, a
fluoro-silicone fluid of viscosity = 10,000 c¢St.

4. Foaminess of Different Concentrations of Polydimethylsiloxane
(1000 centisStokes) in Tmp-Heptanocate, Mecasured by ASTM D892 Fcam
Test at 80°C

In Figure 10 we repcrt both the foam volumes and the foam-
collapse times of solutions of pelydimethylsiloxane (1000
centiStokes) 1in tmp~-heptancate in concentrations from 1 to 400 ppm,
measured by ASTM D892 Foam Test (Test Method 3213),1!° at 80°C.
The limit of apparent solubility of this sanple of
polydimethylsiloxane at 80°C by the Tyndall-Faraday effect 1is 60
ppm, but it is clear from Figure 10 that the foaminess continues to
increase at concentrat .ons greater than 60 ppm. The presence of
soluble lower-molecular~weight fractions in the 1000 centistokes
fraction is the most probable cause of this effect.

5. EFcaminess of 1000 ¢St Polydimethylsiloxane in Tmp-E2ptanocate

The foam tests of 1000 ¢St polydimethylsiloxane in tnp-
heptancate reportad above have been extended. The te. ts now
include more concentrated mixtures of the 1000 cSt
polydimethylsiloxane in order to support correlations between
foaminess and other physical properties. The appended rezults
describe the relation between foam height and concentratian of
polydimethylsiloxane at several temperatures in the range of 25 to

75°C, and at flow rates of 30C ml/min and 500 ml/min (Figures 11A
and 11B respectively.)

6. Foaminess of Silicones of various Viscosities in TMP-Heptan-ate

We intend to test the possibility of using silicones, in the
range of wviscosities 10,000 to 600,000 centi3tokes, as ILoan-
inhibiting agents for +tmp-heptancate + additive(s) solutions.
Preliminary tests included measurementis of the foaminess of mixtures
in tmrp-heptancate of the silicones in question, to find an op'imal
molecular weight and suitable concentration range for the silicone.
Tables 1, 2, and 3 report the foam volumes measured for three
silicones (100, 26,000, and 600,000 ¢St respectively) at va:ious
concentrations and temperatures, These tables show that cf the
three polydimethylsilcexanes (pdms) tested, only the one with the
highest viscosity can bhe used as a foam-inhibiting agent ir. the

range of concentrations of 0 to 100 ppm, at all the temperatures
investigated.
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Concentration

Foam Volumes {(cm3®) of 100 ¢St PDMS in Tmp-Heptanoate,

Various Concentrations and Temperatures.

Table 1.
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Table 3. Foam Volumes (cm3®) of 600,000 cSt PDMS in Tmp-Heptanoate,
at Various Concentrations and Temperatures,

[ IR

| Concentration |
I Jr 1 T 1 {
| I I | [ I
| T°C | 10 | 100 | 500 | 1,000 |
l i ppm | ppm | ppm | ppm |
[ I ] | , | H
P H 1 LB | 1
! | | | | I
| 40 | o | o | 20 | 25-30 |
| | ! | I |
1 [\ ! i ol d
| 1 I LB 1 1
I I I I | I
| 60 | o | 0 | 150 | 60-450 |
I [ ! I I I
{ ] 1 5 | |
| T { T T 1
I I I I I [
| 80 | 0o | O | »>200 | 500 |
I ! | ! | |

We have previously reported the results o¢f foam measurements of
solutions of polydimethylsiloxane, 1000 c¢St, 1in tmp-heptancate by
Test Method 3213, at 80°C as per standard requirements. To relzte
feaminess of these solutions tc gas entrainment, to surface
viscosity, and to our projected measurements of dynamic surface
tension, all at 25°C, we require data on foaminess at lower
temperatures, down to ambient temperatures. Other than
temperature, all the parameters and conditions of the test are
according to the standard procedure. All the solutions tested were
heated to 60°C for three hours, cooled to room temperature, and then
blended three times with a hand homogenizer. Figure 12 reports the
results obtained at four temperatures: 25°C, 40°C, 60°C, and 80°C;
with sclutions varying in concentration in the range 0.1 to 500 ppm.
Figure 12 confirms results previously reported with a slightly
different apparatus.

7. Foaminess of Solutions of Polydimethylsiloxane in a White,
Refined Mineral 0il

To extend the base of these studies beyond a particular
solvent, we include data on sclutions in a hydrocarbon o0il. The
present Section is devoted to foam measurements: these are collected
here for comparisons with solutions of polydimethylsiloxane in tmp-~
heptancate, and also will be referred to when correlations between
foaminess and other physico-chemical properties of a solution are
considered. Foaminess was measured, using the Test Method 3213.
Table 4 and Figure 13 show the results obtained at four
temperatures, 25, 40, 60, and 80°C.
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Table 4. The Volume Ratios (Gas/Liguid Volumes) of Foams Obtained
in Polydimethylsiloxane Solutions in Mineral 0il

— T |
| | Volume Ratio |
| Concentration }| I I | —
| (ppm) | 25°C | 40°C | 60°C | 80°C |
| + 'r j : i
| 0.173 | O | 0.15 | 0.825 | 1.65 |
1 i | ! —] |
{ T T T 1
| 0.67 [ O | 0.225 | 0.55 | »1.90 |
| i % ] 4
| 1.69 | 0.05 | 0.10 | 0.30 | >1.90 |
i . 1 | ! i
F 1 ! ~1 T 1
| 2.52 | 0.05 | 0.05 | 0.175 | >1.90 |
i o | 1 | ]
F— T i f T !
| 5.50 | 0.05 ] 0.075 | 0.20 | >1.90 |
{ 1 ! ! 1 ]
I 1 T i T 1
| 10.4 | 0.125 | 0.15 { 0.20 | 1.65 |
1 ] l | SR | ]
. 1 T i { =
! 23.75 | 0.05 | 0.075 | 0.10 | >1.90 |
1 | | X 1 1
— { T } 1 -
| 59.98 | 0.05 | 0.05 | 0.125 | »1.90 |
] I ‘ ] | |
| t ; . T 1
| 88.9 | 0.05 | 0.05 | 0.125 | >1.90 |
L A 1 1 (I ]

The volume ratios given in the table and the diagram refer <to
the ratio of gas to 1liguid in a given foam column at constant
temperature and flow rate of nitrogen gas. The use of these
values, instead of absolute foam volumes, is less uncertain as it
does not require us to make the difficult distinction between the
liguid phase {containing entrained gas) and the foam phase. Table
4 and Figure 13 show that in the whole range of concentrations
tested no significant foam occurs at 25°C and 40°C. On the other
hand, the volumes of foam produced at 80°C are large and mostly
above the measurable limit of the instrument, At 60°C the
foaminess is concentration dependent as shown in Figure 13. Since
the mineral o0il in itself shows a large foaming ability the
conc¢lusion of these results is that at the lower temperatures the
smallest polydimethylsiloxane concentrations used sufficed to
inhibit the foaminess, while at the highest temperature the
profoaming effects are in evidence, the silicone concentration being
below its solubility limit at 80°C.
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SECTICN IV
FOAMINESS OF SOLUTIONS OF VARIOUS OIL ADDITIVES

Solutions of the following o0il additives were made in tmp-
heptanoate:
N-Phenyl-l-naphthylamine with maximum concentration of 2% (w/w)
Phenothiazine with maximum concentration of 2% (w/w)
Quinizarin with maximum concentration of 0.05% (w/w)
Tricresyl phosphate with maximum concentration of 2% (w/w)

cCOoOwy

The variation with temperature of the density of solutions of
A, of B and of D are reported in Figures 14, 15, and 16.

The wvariation with temperature of the surface tension of
solutions of A, of B, of C, and of D are shown in Figures 17, 18,
19, 20, and 21. For comparison, the surface tension of the solvent
is also shown on each of these diaqrams.

The surface tensions of some cther oil-soluble surface-active
solutes as a function of ccncentration are shown 1in Figure 22.
These surface tensions reach equilibrium very slowly; the data
reported in the diagram are equilibrium measurements made after ten
to twenty hours of surface aging. Span 20, which is a solute based
on a fatty-acid alkyl chain, lowers the surface tension of a mineral
oil by a mere 2 mN/m; whereas poclydimethylsiloxane, a more powerful
agent, lowers the surface tension of mineral oil and of tmp-
heptancate by as much as 7 or 8 mN/m, and does so at concentrations
only one~hundredth of those required by Span 20.

The variation with temperature of the kinematic wviscosity
(centiStokes' of solutions of B, of €, and of D are shown
respectively in Figures 23, 24, and 25.

1. Foaminess of Tmp-Heptancate with Various 0il Additives

Tmp-heptancate mixtures with various additives were tested for
foaminess using method 3213 of federal Test Method standard 791.1°
The four additives tested were:

A: N-Phenyl-l-naphthylamine with maximum concentration of

27%(w/w)
B: Phenothiazine with maximum concentration of 2%(w/w)
C: Quinizarin with maximum concentration of 0.05%(w/w)
D: Tricresyl phosphate with maximum concentration of 2Z¥%(w/w)
Compositicns made of different combinations of additives A to D were
tested, using the foam test apparatus of Method 3213, nitrogen gas
flow rate of 1000 * 20 ml/minute; Temperature = 80 * 1°C. The
results of the foaminess tests are reported in Table 5. The

apparatus does not give readings of foam volumes larger than 500
cm?3,

Table 5 shows:

a. The mixtures containing a single additive at maximum
concentration(2¥% w/w) do not foam.
b. Three out of the six combinations of two additives show
28
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foaminess: namely, AD, AB, BD.

¢, With these, foam is stabilized even at room temperature and the
foam height increases further with temperature.

d. The foam height is conceatration dependent. On increasing the
total concentration of additive composition made up of any two
or all three components selected from A, B, and D, the onset of
foaminess 1is abrupt, moving without much prior indication from
non-foaming to off-scale on the foam test. This occurs at a
total concentration of about 2.5% (w/w).

e. The foam collapse time decreases with increasing temperature.

f. All four different combinations of the four additives, cause the 1
tmp-heptarncate to foam. %

1
Further foum tests of additives were carried out by Test Method
3213 in the temperature range of 39°C to 80°C. The results are
reported in Table 6.

Table 6. Foam tests with A, N-Phenyl-1l-Naphthylamine;
B, Phenothiazine; C, Quiniz.rin; D, Tricresyl Phosphate;
E, Benzotriazole.

|

|

{
r al T T ! 1 !'
| ] | Concentration (%w/w) | | Foam |
| No. | Combination | | Temp | Volume |
[ [ | A B C D E | (°C) | (cc) |
F + T 1 T 1 T - —t— s '
! | l | i [ I | | !
. E | [ I |0.049| 59.0 | None |
|2 E | | 10.049| 60.0 | None | |
| 3 E 1 | | |0.049| 79.3 | None | |
[ 4 | E | | | |0.099| 80.2 | None | |
I S | BE | [1.97| | |0.099] 40.0 | None |
| 6 | BE | (1.97] | [0.099] 60.1 | 30 |
(7 BE [ [1.97] | [0.099]| 80.0 | 30 | 4
i 8 | DE [ | I 11.94]0.097| 40.0 | None | 3
| 9 | DE I 1 | 11.94/0.097| 61.4 | None | g
| 10 | DE I | | 11.9410.097| 49.8 | None | \
{11 BDE I [1.98! 11.93]0.120] 39.5 | 360 |
[ 12 | BDE | [1.98] ]1.98|0.120] 60.4 | 495 | |
{13 | BDE | [1.98) 11.98/0.120] 49.6 | 430 | 1
L ! ] 1 | i 1 | i J !

Table & shows that no foaminess appears in solutions of tmp-
heptanoate containing only benzotriazole within the applicable range
of concentrations. Neither does addition at its maximaim
concentration to solutions of othe: additives change their foam
properties; the only exception being tiae reduction of foam volume 1n
the combination BDE (Number 13 of Table 6.)

Further foam tests of additives w:re carricd out by Test Method
3213 in the temperature range of 39.8°: to 80.2°C. The results are
reported in Table 7, That Table show.o that no foaminess appears in
solutions of p-nonyl phenol in tmp-hep‘anocate within the relevant
range of concentrations. Neither does addition of its maximum
concentration to solutions of other oil additives in tmp-heptanoca e
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significantly affect their foam properties. (Compare with data
reported in Tables 5 and 6 above.)

2, Synergism of Tricresyl Phosphate Additive in Promoiing Foaminess
of Other Additives in Solutions of TMP-heptanoate

The foaminess at 80°C of solutions of A in tmp-heptancate is
reported as a function of weight percent in Figure 26a. No foam is
observed at concentrations below 2.5%, but a great increase of
foaminess occurs at concentrations only slightly above 2.5%.
Almost identical behavior for solutions of B in tmp-heptanoate is
reported in Figure 26b. Both these solutes A and B display
essentially the same behavior when c¢ombined with D (tricresyl
phosphate) in solutions of tmp-heptanocate as solvent; that is, they
will begin to show foaminess at lower concentrations by weight as
tricresyl phosphate replaces either A or B in solution. For
example:

1% concentration of A normally does not foam; neither does 3%
concentration of tricresyl phosphate; but combined they produce
enough foam to go off-scale on the teczt.

1% concentration of B normally does not foam; neither does 3%
concentration of tricresyl phosphate; but combined they produce
enough foam to go off-scale on the test,

These combinations, (A + tricre.;yl phosphate; B + tricresyl
phosphate),at various compositions, at a total concentration of 4%
are reported on the foam test at 80°C in Figures 27a and 27b. The
foaminess of the same compositions at a total concentration of 3%,
at a temperature of 80°C., are reported in Figures 28a and 28b.

The same compositions at a total concentration of 2% or less do
not foam at all on the foam test at 80°C.

The results of the foregoing experiments allow us to make the
following statement about the nature of the synergism of tricresyl
phosphate in tmp-heptancate solutions.

By itself in solution tricresyl phosphate is not a profocamer,
even at concentrations as high as 4%, but when combined with either
A or B in a solution in non-foaming concentrations of A or B as low
as 1%, it behaves, as far as foam is concerned, as if it were some
additional A or B; and when the combined concentration of A +
tricresyl phosphate, or B + tricresyl pnosphate, is raised to levels
above 2.5% (w/w), copious foam is produced.

3. Foaminess of Solutions of Span 20 in Mineral 0il, by Test Method
3213

Table 8 below reports foaminess by Test Method 3213 of
solutions of Span 20 in mineral o0il, in the range of concentrations
of 20 ppm to 5010 ppm.

............
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Table 8. The Velume Ratios (Gas/Liguid Volumes) of Foams of
Span 20 Solutions in Minevral Oil

Voluine Rablio

[ T 1
| l l
| Concentration [ Y - I — |
| (ppm) | 25°C | 40°C | 60°C | 80°C |
: % - ey } %
| 0 | 0.65 | 0.95 | >2 | 332 |
B i ! ! ! -
I 4 { f IR 1
| 201 | 0.65 | 0.65 | >z 1 »2 |
t + — 1 { {
| 69.9 | 1.75 | ©0.95 i >2 { >2 |
| . s o] | |
| 81.1 | 1.79 ) 1.37 | 2 | >z |
L ) i [ I Ai
I T T - ¥

| 251.6 | 3.75 | 1.75 | >2 | >2 |
1 ! . - g ! ]
{ ] 1 1 i 1
[ 601.3 | >2 | 2 | w2 [ »2 |
t 1 H 4 J '
| i H 1 | 1
] 5010. | >2 | =2 | >2 | »2 |
L 4 I i i J

Table 8 shows that at temperatures above 60°C the maximum
measurable values of Volume Ratio ar<e obtained with these solutions.
At lower temperatures, the Volume Ratio increases with concentration
in the range 0 to 600 ppm; above that concentration, the Volume
Ratios are beyond the measurable Limit.

The increase of the Volume katio with temperature cannot be
related to wvariation in the amount of entrained nitrogen gas, since
that decreases with temperature. The increase of the Volume Ratio
with concentration of solute is parallel to the increased volume of
nitrogen gas that is entrained at higher concentrations (see below
Section V.5) : both effects reflect the increase of foaminess that
develops with increasing concentration of Span 20.

4. Foaminess of Petronate L (Witco

Petronate I, (Witco) is described as "highly refined petroleum
sulfonate." As an oil-soluble detergent it seemed likely to be a
pro-foamer, and so was included in our series of tests. A solution
of 1.29% w/w Petronate L in tmp-heptancate was tested by Foam Test
Method 3213. No foam was observed in the range of temperatures 25
to 80°C.

5. Foam Tests with Various Additives

Some additives used 1n hydrocarbon oils, received from various
sources, were tested as solulions in tmp-heptancate, by Test Method
3213.

a. OCLOA 1200 (Chewvron Chomical Cuapany)
Mixtures of this additive in tmp-heptancate at c¢oncentrations of
0.50, 1.00 and 2.03 % (w/w) wer: tested at 25°C, 40°C, 60°C and
80°cC. No foaminess wa: found in that range of concentraticn at
these temperatures.
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b. OS#56119 (The Lubrizol Corporation)
The material is a formulated gear-o0il blend which has Laen
studied by Lubrizol chemists in relation to the effectiveness of

various antifoamers. Mixtures in tmp-heptanoate at
concentrations of 0.10, 0.50 and 1.00 ¥ (w/w) were tested in the
temperature range of 25.0 to 80.0°. No foaminess was

observed; therefore no indication of profoaming properties of
this solute in tmp-heptanocate.
c. OS#60387A and OS#7160F (The Lubrizol Ccrporation)

The two samples tested are polylalkyl acrylate] antifoamers
denoted as OS#60387A -~ 50% polymer in toluene; and OS#7160F --
40Y% polymer in kerosene. Mixtures in tmp-heptancate of 0.10,
0.50 and 1.0% (w/w) of each of the samples were tested at 25°C,
40°C, 60°C and 80°C. No foam was obtained from these solutions
of either sample in the range of temperatures tested.

Tables 9 and 10 report the resulrts with the two samples as foam
inhibitors in foamy solutions of tmp-heptancate (Table 9) and
mineral o©¢il (Table 10.) Table 9 reports that no antifoam effect was
obtained in tmp-heptancate solutions of phenothiazine (B) +
tricresyl phosphate (D) or in tmp-heptanocate solutions of N-phenyl-
l-naphthylamine (a) + tricresyl phosphate (D)with agent
concentrations up to 2% (w/w). On the contrary, the foam volumes
increased slightly as well as the rate of foam formation. {(The
data on rate are not included in the 7Tables.)

Table 10 reports that the sample OS#60387A has a small
antifoaming effect at 25°C and no measurable effect at higher
temperatures, when used 1in minera. o1l at concentrations up to
2% w/wW. The other sample, OS#7160F, on the other hand, proved
itself a powerful antifoamer in :1he whole range of temperatures
tested, if used at a concentration of about 2% w/w.

Table 9. Foam Volumes (cm3®) of Solutions of Additives in Tmp-
Heptancate Solutions with and without OS#60387A and
OS#7160F by Test Method 3213

— T R
| 2.0% w/w B + 2.04 w/wD | 2.04 Ww/wA + 2.0%4 w/wD |
— T i . 1
| No { Z2.0% w/w | No | 2.0% w/w |
| Antifoamer | OS#60387A| Antifoamer | OS#7160F |
' —+— } ' r —
| 25°C | 330 | 340 ! 255 | 315 ]
- — | | -+ -
| 40°C | 390 | 410 | 400 [ 425 |
- | — | | .
| 60°C | 550 | >550 | 500 | 550 |
- | ~ — : .
| 80°C | 500 | >550 | 430 | 525 |
L 1 1 ! | 4
A = N-Phenyl-l-Naphthylamine
B = I'henothiazine
D = Tricresyl Pho:phate
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Table 10. Foam Volumes {(cm?®) ohiained in Mineral €11 and Solutions
of OSHB0387A and O0S8#7160F in Mineral 01l by Test Method
3213
} H -7 i
| Mineral | OSHEO38TA | O3#7160F
| Oil f — - : T 1
i | 0.49% w/w | 1.97% w/w | C.53% w/,w | 1.99% w/w |
- - — b - : i
| 25°C | >550 | >550 ! 330 | 255 | 235 !
1 1 1 [N 1 - ! | o
1 1 1 i ) i -
| 40°C | >550 i >550 i >5:0 | >550 | 245 |
; } — ! ! — 4 ]
| 60°C | »>550 | >550 | »>550 i »550 ! 245 |
| J ] ! - ! ] 1
I~ T + T — { !
| 80°C | >550 i >550 | >55 i >550 ] 250 |
t 1 1 H 1 | i

The Aercsol 0T used in these expuriments was used as supplied
without further puriticaticn, ir =spit. of clear evidence of adsorped

water. The solution produced was corpletely transparent, the water
probably soclubilized in the micelles that are Kknown to exist in
nonagqueous solutions of this solute. Foam-volume ratiosz, flow rate

of gas input = 1000 ml/minute, were ol tained at four tempearatures in
the range 26 to 80°C, and with two corcentrations of solute, 1.93%
w/w, and 0.96% w/w. The cata are rrescented in Table 11, and show
that Aernsol OT is a potent profoamer in twp-heptancate in the range
of concentration 1 to 2Y%.

Table 11. Volume Ratios of Foam Test:s in Aerosol OT  Selutions in

Tmp-Heptanoate
I T a
| Temp. | Volume Ratios !
I (°c) ¢ . —
| i 0.98% w/v | 1.93% w/w |
b ] e : a
| 26 J 0.38 | D.68 |
| 40 ! 0.45% | 0.83 |
| 60 | C.80 | 1.7 |
! 80 ! 0.93 o107 |
{ — i ] _J
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SECTION V
AERATION, OR DETERMINATION OF ENTRAINED GAS

The IP 313/74 Method for the determination of air release
value??® was applied to measure entrained nitrogen in oil. The
method is based on a controlled bubbling of nitrogen through the oil
under test, and, after stopping the flow of gas, measuring the time

dependence of the density of the fluid as the entrained bubbles
escape from the oil.

1. Apparatus

The 1P313/74 Method was slightly modified as follows:
a. Dry nitrogen gas from a gas c¢ylinder was wused instead of
compressed air, which would have had to be carefully filtered
and dried.

b. A mercury manometer and a gas flowmeter were added to improve
the control of the gas flow.

2. Gas Release from Mineral 0il

The 0il used in this experiment was a heavy white mineral oil
(Albany Laboratories, Lot F1-2961). The time dependence of the gas
volume (9%v/v) dispersed in the oil, at five different temperatures,
in the range of 25°C to 65°C, is reported in Figure 29, Figure 29
shows:

a. The volumes of dispersed gas decrease rapidly with time, as gas
escapes from the cil.

b. The volumes of the dispersed gas at a given time decrease with
increasing temperature in the range of 35-55°C, which is a
straight reflection of the decrease of the viscosity of the oil
with temperature. But at 25°C the entrained gas is less than
at 35°C, though more than at 45°C. The curve for the data at
65°C overlaps --within the experimental error -- with the one at
55°C. Another sample of mineral oil from a different source
did not show this complex behavior, but showed a regular
decrease of entrained gas with decreasing viscosity of oil.

¢. The gas release value is the time required for gas entrained in
the 0il to reduce in volume to 0.2% under the test conditions
and at the specified temperature. For the heavy mineral o¢il
under discussion the gas release values are a complex function
of temperature (see Figure 30) with a maximum. These results
indicate that temperature affects gas entrainment by a more
complex mechanism than the mere change of viscosity.

3. Determination cf Entrained Nitrogen in Sclutions of
olydlmethylclloyane in Mineral 0Oil

The same 0il with 27.5 ppm of polydimethylsiloxane (1000 cSt)
dispersed in it provided the data reported in Figure 31. This
diagram shows

a. The presence of the silicone drastically reduces the volume of

dispersed gas at a given temperature and time. This decrease
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cbscures the expected increase of entrainment due to the
lowering of the rate of bubble rise by one~-third (see below
Section XIV.4.) The greatly decreased amount of entrained air
in the silicone scluticn is propably due to the antifoaming or
film-rupturing effect of the dispersed silicone in mineral oil.

b. The rate of change of the dispersed gas volume at a given
temperature is lower in the silicone o1l solution than in the
solvent, indicating the effect of the larger number of bubbles
of smaller size that was clearly wvisible in this soclution
compared to the oil without solute.

c¢. The same peculiar wvariation with temperature was repeated in the
silicone 0il solution as was observed in the oil solvent. The
gas release curve for 25°C is located intermediately between
those for 35°C and for 45°C.

The described behavior of the silicone solution may be explained by
the significant reduction of surface tension by the polydimethyl-
siloxane (1000 cSt) at the concentration of 27.5 ppm (see above
Figure 22.) At this concentration the silicone is above its limit
of solubility 1in mineral o0il, and acts as an effective foam
inhibitor by destroying 1liquid lamellae as they are formed during
the initial bubbling period of the test Method. That accounts for
the much lower wvolume of gas that remains in the oil after the
initial period of seven minutes of bubbling. On the other hand,
the silicone dissoclved in the o©0il, which is responsible for the
observed lowering of the surface tension, is 2a surfactant and an
effective dispersing or emulsifying agent for the gas phase. The
presence of this solute changes the bubble size distribution in the
marked way that was observed by producing a large number of tiny
bubbles that require a prolonged time to depart from the sclution.

Nitrogen entrainment in solutions of polydimethylsilexane (1000
cSt) in heavy white mineral oil, in the concentration range of 0.1
to 60 ppm, was measured at 25°C, according to the method IP 313/74.
Each solution was previously heated to between 60 and 70°C for
several hours, cooled at roum temperature while stirring, and then
blended three times by means of a hand homowenizer. The
measurements were carried out 40 to 45 minutes after the last pass
through the hand homogenizer, to allow time for the escape of air
entrained during the blencing. Figure 32 describes the
concentration dependence of the nitrogen-release value. Figures 33
and 34 report the volumes of entrained nitrogen after 100 seconds
and 150 seconds respectively as a function of concentration. These
diagrams indicate a difference in the concentration dependence in
two ranges, one of O to 1 ppm and the other of 1.25 to 60 ppm, which

correspond to values below and above the solubility of
polydimethylsiloxane (1000 «¢5t) in this sample of mineral oil at
25°C. Below the solubility 1limit the nitrogen release values

increase in the range of 290 to 400 seconds, that is, by a factor of
1.40, which corresponds to the retarding effect measured in the rate
of rise of a gas bubble in solutions ot polydimethylsiloxane 1in
mineral oil in this range of concentration and at thisg temperature
(see below figure 123.) Above the solubility limit, the dispersed
droplets of insoluble polvdimethylsilaoxane show a pronounced "anti-
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entrainment" effect, demonstrated by the abrupt decrease of the

nitrogen entrainment at a concentration of 1.0 - 1.27 ppm, from 400

to 320 seconds. At concentrations above 1.27 ppm the nitrogen

release continues to decline in value, probably due to further anti-
entrainment effect as more insoluble droplets of polydimethyl-
siloxane appear in the solution. These results clearly show that:

a. At concentrations below 1its solubility 1limit, polydimethyl-
siloxane promotes entrainment of gas in oil solutions;

b. Polydimethylsiloxane when inscluble has an anti-entrainment
effect, probably by means of the same mechanism by which it can
rupture liquid lamellae in a foam;

c. The anti-entrainment effect is concentration dependent.

4. The Dependence of the Anti-Entrainment Activity wupon Particle
Size

In a series of experiments we tested the effect of the gquality
of the silicone dispersion on the anti-entrainment properties.
Solutions of given concentration were measured three times for
nitrogen entrainment by the 1P 313/74 Method, each time after a
different treatment, namely:

a. Stirring at room temperature with a magnetic stirrer for sixty
minutes;

b. Heating at 60 rw70°C_£or several hours, cooling with stirring at
room temperature, followed by three passes through the hand
homogenizer; '

c. As above in (b) except for passing through the homogenizer six
times instead of three times.

Figure 35 shows the time dependence of nitrogen entrained volumes in

a solution of 1.27 ppm polydimethylsiloxane in mineral oil. The
diagram shows that no anti-entrainment activity is shown by
solutions that are merely stirred. Therefore, as with foam-

inhibiting activity, a prerequisite for anti-entrainment activity is
a fine dispersion.

5. Determination of Entrained Nitrogen in Solutions of Span 20 in
Mineral Qil

The mineral oil used in the foregoing experiments came from a
different batch (Albany Laboratories) than the one used previously,
which was no longer available to us.

The time dependence of the gas volumes (% v/v) dispersed in the
oil, at 25°C, 35°C, and 45°C, is reported in Figure 36. Comparison
of this diagram with Figure 28, containing similar curves for the
mineral oil used previously, shows:

a. In the second Dbatch wused, the volumes of dispersed gas are
smaller;

b. The wvolumes of dispersed gas decrease regularly with
temperature, reflecting the parallel changes of viscosity of the
oil. The peculiarity observed with the batch of oil used
previously, namely, that the entrainment curve for 25°C is
located between those for 35°C and 45°C, is not repeated with
this batch of oil.
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Entrainment of nitrogen in solutions of Span 20 in mineral
0il,in the range of concentrations of 20 to 5010 ppm, was measured
at 25°C using the method IP 313/74 and procedures descriked

previously. Figures 37 and 38 describe the wvariation with
concentration of the values of Nitrogen Release (in seconds) and of
Nitrogen Volume at 100 Seconds (in ¥%v/v,) respectively. The

diagrams indicate that at low concentrations of Span 20, up to 70
ppm, the volumes of dispersed gas are small and independent of
concentration; at greater concentrations the volumes of dispersed
gas rapidly increase. A possible reason for the increased
entrainment, which goes far beyond the relatively slight decrease in
the rate of rise of a single bubble with greater concentration of
surface-active solute (see below Figure 123,) is the production of

smaller bubbles with greater concentration of solute. The
measurement of the rate of rise of a single bubble were all done
with equal-sized bubbles. The appearance of smaller bubbles in the
gas-entrainment tests at greater concentrations is, indeed, a visual
observation. The production of smaller bubbles is related (at
least qualitatively) to the reduction of surface tension of these
soluticens, which occurs rather abruptly near the range of

concentrations where the enhanced entrainment of gas is observed.
(See Figure 22.)

6. Determination  of Entrained Nitrogen in solutions of
Polydimethyisiloxane (1000 ¢St) in Tmp-Heptanoate

The volumes of nitrogen gas entrained at 25°C by solutions of
polydimethylsiloxane (1000 cSt) in tmp-heptanocate were measured by
Test Method IP 313/74. Within the range of concentration of 0.3 to
S00 ppm the measurable volumes of entrained nitrogen gas are very
small, not exceeding 0.160 %(v/v) after an interval of 45 seconds
from cessation of bubbling (4% seconds is the minimum time regquired
after bubbling before the first reading can be obtained.) Figure
39 shows the concentration dependence of the entrained gas volume
fifty seconds after stopping the flow of nitrogen gas. The amount
of entrained gas increases with concentration of
polydimethylsiloxane up to 120 ppm, then decreases sharply.

The curves reported 1in Figures 12 and 39 show identical
behavior of the foaminess and the gas entrainment in these
solutions, with respect to concentration. Plans for future work
include similar measurements on other systems to test the generality
of this correlation.

The decline of foaminess and of gas entrainment that is evident
in Figures 12 and 39 occurs at a concentration (120 ppm) of
polydimethylsiloxane in tmp-heptanocate that is far above the limit
of solubility of the solute in this solvent, which is only about 5
ppm. In another solvent, mineral oil, a similar decline of gas
entrainment with concentration of polydimethylsiloxane was observed,
as reported in Figures 33 and 34; but there the anti-entrainment
effect takes place at a concentration only slightly greater than the
solubility limit. This difference in behavior in the two solvents
is linked to our observation that polydimethylsiloxane is mcre
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effective as an antifcam in hydrocarbon o0ils than it 1is in a
synthetic lubricant.

Figure 40 shows the nitrogen-gas release vwvalues for the
polydimethylsiloxane (100 ¢St) solutions, at 25°C, in the range of
concentrations 0.01 to 500 ppm. Like the results obtained with the
corresponding solutions of polydimethylsiloxane (1000 ¢St) in
mineral o©0il, Figure 40 shows a range of concentration (< 4ppm) at
which the volumes of entrained nitrogen gas increase with
concentration, followed by a decrease. In the lower range of
concentration, where the increasing entrainment occcurs, the values
of the nitrogen-release times rise from 245 to 345 seconds, i.e., by
a factor of 1.4, which probably corresponds to the retarding effect
of the adsorbed solute on the rate of rise of a gas bubble.

We report in Figure 41 the foaminess of the
polydimethylsiloxane (100 ¢cSt) solutions in mineral o0il, in the same
range of concentrations as those reported in Figure 40, at
temperatures of 25°C, 40°C, and 60°C. The diagram shows the same
general behavior pattern for the polydimethylsiloxanes 1in mineral
0il solutions (compare Figure 13) though with much less antifoam
activity of the lower molecular weight solute. But the presence of
the polydimethylsiloxane (100 cSt) causes the foaminess to decrease
continuously from a Volume Ratio of 1.75 at 1072 ppm to 0.5 at 100
pprm, so that no definite concentration can be singled out as the
critical point at which antifoaming begins; thus a close correlation
between antifoam and anti-entrainment effects is not observed with
this solute.

7. Aeration Study (Aercsol OT in Tmp-heptancate)

Aeration tests were carried out according t. the standard test

IP 313/74 at 25°C. Figure 42 reports the concentration of nitrogen
gas (% v/v) as a function of time for three solutions of Aerosol OT
in tmp-heptancate: 0.51%, 0.96%, and 2.04% (w/w). These data show

a markedl increase in the aeration of the sclvent between one and two
percent concentration of the solute.

8. Foam and Gas Entrainment of Polydimethylsiloxane (500 cSt) in
Tnp-Heptanoate

We have reported above an observed parallelism in behavior
between the effects of polydimethylsiloxane (1000 cSt) solutions in
tmp-heptanocate and in mineral oil, on foam inhibition and o¢on anti-

‘ entrainment of gas. We extended the investigation to
!1 polydimethylsiloxane (100 cSt) dissolved in mineral oil, where we
- found that the parallelism was less in evidence. These effects are
P now investigated further with solutions of polydimethylsiloxane {500

PRI

. cSt) in tmp-heptancate.

v

—
s 4
.

< The volumes of entrained nitrogen gas were determined at 25°C
4 by Test Method IP 313/74. The foaminess was measured by Test
Method 3213 a* temperatures of 25°C, 40°C, 60°C, and 80°C. Prior
treatment of the samples (heating, blending, etc.) was identical for
both series of tests.
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Figure 43 shows the concentration dependence of the entrained-
gas vclumes 50 seconds arfter stopping the flow of nitrogen gas into

the solution, at 25°C. The amount of entrained gas 1increases
sharply in the concentration range of 10 tc 80 ppm of solute, then
decreases. Figure 44 shows the results of the foam measurements at

four temperatures, with the same solutions that were wused 1in the
entrainment tests.

Figures 43 and 44 show similar behavior for gas entrainment and
for foaminess in these solutions as a function of the concentration,
establishing the parallelism already noted with the higher molecular
weight pelydimethylsiloxane. It is worth noting that the
concentration ¢f solute at which these effects maximize 1is larger
for the longer-chain polymer than for the shorter-chain polymer,
suggesting that about the same molar concentration 1is required in
each case. For Dboth polymers, that concentration is above the
solubility limits that we previously reported for
peolydime*hylsiloxanes in tmp-heptanocate.

9. Foam and Gas Entrainment of Po ydimethylsiloxane (5000 c¢3t) in
Tnp-Heptanoate

We reported above the observed parallelism in behavior between
the effects of two polydimethylsiloxanes (1000 and 100 ¢St) with
solutions in tmp-heptancate and in mineral oil, on foam inhibiticn

and on anti-entrainment of gas. These effects were further
investir ated with solutions of polydimethylsiloxane (500 <¢St) 1in
tmp-heptanocate. 1t was noted there that the concentration of

sclute at which the effects of foamiress and entrainment maximize,
shifts +to higher c¢oncentrations with the longer-chain polymer.
These effects are now investigated further with solutions of
polydimethylsiloxane (5000 cSt) in tmp-heptanoate.

The volumes of entrained nitrogen gas were determined at 25°C
by Test Method IP 313/74. The foaminess was measured by Test
Method 3213 at temperatures of 25°C, 40°C, 60°C, and 80°C. Prior

treatment of the samples (heating, blending, etc.) was identical for
both series of tests.

Figure 45 shows the concentration dependence of the entrained
gas volumes 50 seconds after stopping the flow of nitrogen gas into
the solution, at 25°C. The amount of gas increases in the
concentration range 4 to 260 ppm, then decreases. Figure 46 shows
the recsults of the foam measurements at three temperatures with the
same solutions that were used in the entrainment tests.

Figures 45 and 46 confirm the similar behavior for gas
entralinment and for foaminess as a function of concentratior. It
also shows a shift to a higher concentration of the ~value at which
the effects have their maximum, compared +to the shorter chain
polymers previously investigated.
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SECTION VI

ACTION OF ANTIFOAMS

1. Antifoaming Action of Polydimethylsiloxane (600,000 CentiStokes)

Polydimethylsiloxane (600,000 centiStokes) in the range of
concentration of 13.5 to 252 ppm was tested as an antifoaming agent

for solutions of warious additives in tmp-heptanocate. Table 12 -
reports the foam volumes, at 40°C and 60°C, measured by Test Method i
3213, using two different compositions of additives in tmp- |

heptanoate, namely: ]

a. 3.1%(w/w)N-phenyl-l-naphthylamine plus 0.98%(w/w) tricresyl
phosphate;

b. 3.0%(w/w) phenothiazine plus 0.97%(w/w) tricresyl phosphate.

The measurements show no antifoam effect of polydimethylsiloxane

(600,000 centiStokes) 1in these solutions at any of the ;
concentrations tested.

Table 12. Foam Volumes (cm®) of Solutions of Additives in Tmp-

Heptancate, using Polydimethylsiloxane {600,000
centiStokes) as Antifoam

r ! '
| | Concentration of Polydimethylsiloxane | !
I | I :
I Solutions Tested I 13.5 ppm 95 ppm 252 ppm | |
b t T T T T T — }
| | 40°C | 60°C | 40°C | 60°C | 40°C | 60°C | i
| ; ] i t . ;
| 3.1% w/w N-Phenyl- | | | | | l l
| 1-Naphthylamine and | | | | | l | 3
| 0.98% w/w Tricresyl | i | | | J ] |

- | Phosphate | 313 | »500 | 300 | »500 | 340 | >500 | j

A ! ! | ! | | | I |

b ( 3.0% w/w | [ l l | ! l {

x | Phenothiazine and | | ! | ] ! | ;

- | 0.97% w/w Tricresyl | | | | | | |

?Q L, Phosphate L !, ! 378 ! >500 j 37S ! >500 !

2 2. Tests of Polydimethylsiloxane (600,000 centiStokes) as a Foam

- Inhibitor in Foamable Sclutions of TMP-Heptanocate

1

fj Polydimethylsiloxane (600,000 c¢entiStokes) in the range of

e concentrations of 5.1 to 254 ppm was tested as a foam inhibitor for

- solutions of approximately 2%(w/w) phenothiazine plus 2%(w/w)

. tricresyl phosphate in tmp-heptanocate. Figure 47 reports the foam

- volumes, measured at 40°, 60°, and 80°C by Test Method 3213. We

[ have reported similar experiments previously; on this occasion the

. tmp-heptancate contained solutes that make it foam, whereas previous

= tests were made on tmp-heptancate without additives.
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Figure 47, Foam Voliumes Versus Temperature of Solutions of

Phenothiazine (2% w/w) Plus Tricresy! Phosphate
(2% /W) in Tmp~Heptanoate, with
Polydimethy!siloxane (600,000 o¢St) Tested as a
Foam Inhibitor,
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The measurements show no foam-inhibiting action of the
polydimethylsiloxane (600,000 centiStokes) on these solutions at any
of the concentrations or temperatures tested.

3. Tests of GE FF-150 (10,000 centiStokes) as a Foam Inhibitor in
Foamable Solutions of TMP-Heptanoate

GE FF-150 (10,000 centiStokes) is a fluorosilicone polymer with
the formula MegsiO(CF3CHQSiMeO)“SiMe3. It was tested as a foam -
inhibitor in the range of concentrations 11 to 983 ppm in solutions
of approximately 2%(w/w) phenothiazine plus 2%(w/w) tricresyl
phosphate dissolved in tmp-heptanocate. Figure 48 reports foam
volumes measured at 40°C, 60°C, and 80°C by Test Method 3213. The
method of preparing samples for measurement was the same as that
described above, i.e., prior dissolution of the profoaming solutes
before dispersing the insoluble foam inhibitor in the solution.
The measurements show no foam-inhibiting action of the GE FF-150
(10,000 centiStokes.)

4. Effect of Reduction of the Particle Size ¢f Dispersed GE FF-150
(10,000 centistokes)

Taking dispersions of GE FF-150 (10,000 centiStokes), in tmp-
heptancate containing the solutes described above, at concentrations
of dispersate of 90 and 252 ppm, further comminution of the
immiscible-liquid dispersate was iIade by means of a hand
homogenizer, to reduce the size of the liquid droplet and to make
the droplets more uniform. The same profoamer solutes at the same
concentrations were used as in the tests reported above, Foam
volumes were measured at 40°C, 60°C, and 80°C by Test Method 3213.
The results are included in Figure 48 to allow comparisons to be
drawn. An appreciable decrease in foam volume 1is the result.
Reducing the size of the dispersed 1liquid enhances the foam-
inhibiting action of the GE FF-150 fluorosilicone.
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SECTION VII

SURFACE VISCOSITY MEASUREMENTS

1. Introduction

J.A.F. Plateau!! introduced the concept of surface viscosity,
and referred the stability of foam lamellae to its influence. This
property is the two-dimensional analog of ordinary viscosity and its
coefficient is analogously defined and determined. The coefficient
of surface viscosity is the force in dynes that must be applied per
centimeter of length along a surface to maintain a gradient of
surface flow (ketween two parallel lines one centimeter apart) of
one cm. sec. !, The unit is the surface poise with dimensions
MT 1. Weakly foaming solutions have little surface viscosity, soap
solutions a moderate amount, and some solutions of proteins,

saponin, etc., a high surface viscosity amounting to a non-Newtonian
plasticity.

The simplest instrument to detect surface viscosity i1is the
oscillating-disc viscosimeter.?2? The logarithmic decrement of its
torsional oscillations is determined with and without the surface
film of adsorbed solute. Figure 49 shows the details of the
apparatus. The torsion wire is supported at the end of a shaft
that can be given a rotational twist by means of an external lever.
The damping of the oscillations is measured by a light beam whose
intensity varies as 1t passes across a polariser that is attached
to, and moves with, the torsion wire. The source of the light beam
is a red light-emitting-diode. The intensity of the 1light is
regulated and stabilized by a feed-back mechanism. The variation
of the light intensity is transferred to a receiving photo-diode
that is c¢onnected to a recorder through a variable-gain amplifier,.
The electronic circuit diagram is shown on Figure 50, and a record
of the output 1is shown on Figure 51 (surface damping of tmp-
heptanoate.) The damping curve shown in Figure 51 is typical of a

perfectly Newtonian liguid surface, inasmuch as the logarithmic
decrement is linear with time (Figure 52).

Further measurements of surface viscosity were carried out with
the oscillating-disc viscosimeter. Various solutions, in the range
of O to 500 ppm, of polydimethylsiloxane (1000 centiStokes) were
tested at 23.90 £ 0.05°C. To estimate the kinetics of film
formation, each solution was measured immediately after mixing and
thereafter at stated time intervals. Figures 53, 54, and 55
illustrate some of our 46 measurements of surface viscosity. In
each diagram the straight 1line represents the behavior of tmp-
heptanoate without additive, and the different symbols represent
measurements made at various time intervals after mixing. These
measurements show that the original Newtonian liguid surface of the
tmp-heptanoate remains essentially unchanged by the presence of the
silicone, regardless of 1its concentration and the time interval
after mixing. Therefore, no evidence of film formation was found,
thus excluding the contribution of surface-shear viscosity to the
foam stability of polydimethylsiloxane dissolved in tmp-heptancate.
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2. BSurface Viscosities in Dry Nitrogen Atmosphere

The changes found in the bulk properties of tmp-heptanocate and
its solutions on exposure to the air, suggest that similar changes
might occur in the surface properties. All surface viscosities
previously reported had been measured while the solutions had been
exposed for short periods of time to room atmosphere (i.e., during
preparation, mixing, measurement, and time intervals between
consecutive measurements.) To investigate possible effects of
exposure during handling, measurements were made under an atmosphere
of dry nitrogen. Figure 56 illustrates the results obtained with
fresh tmp-heptancate, and with a sample of tmp-heptancate after
eXposure to room atmosphere for a few hours. Figure 56 shows:

a. No significant difference exists between the results previously
reported for the surface viscosity of tmp-heptanocate and those
carried out under an atmosphere of dry nitrogen.

b. Exposure of the tmp-heptancate to room atmosphere for a few
hours causes a reduction of 10% in the surface viscosity.

These observations may explain the slight reduction of surface
viscosity found in wvarious solutions of polydimethylsiloxane (1000
centiStokes) in tmp-heptancate, which occurs at large intervals of
time after mixing.

3. Surface Viscosity of Additives in Solutions of TMP-Heptanoate

Surface viscosities were measured with the oscillating-disc
viscosimeter, temperature control of +0.1°C., dry nitrogen
atmosphere above the surface. A slight modification was the use of
solvent that had previously been equilibrated with dry nitrogen, by
bubbling the gas through the oil for sixty minutes at 25°C,

The results of the measurements of surface viscosity show that
the surface viscosity of the solvent oil is not affected by the
presence of phenothiazine at a concentration of 2.03%(w/w), nor by
the presence of tricresyl phosphate at a concentration of 1.96%
(w/w), taken separately; but when these two additives are combined
to give a single solution in tmp-heptanocate containing
phenothiazine, 2.03% (w/w), plus tricresyl phosphate, 1.96% (w/w),
there occurs a significant increase in the surface viscosity.

Figure 57 reports the damping curves of the disc in the
surfaces of tmp-heptanocate, tmp-heptanocate + phenothiazine,
2.03%(w/w), and tmp-heptanocate + tricresyl phosphate, 1.96% (w/w).
The data in this diagram were obtained after an interval of time of
thirty minutes, which was required to reach thermal equilibrium.
Additional measurements were made after one hour and two hours (not
shown in diagram,) giving identical results. Figure 57 gives no
evidence of any enhancement of the viscosity at the surface; the
slight differences shown are related to corresponding slight
increases in the viscosities of the bulk solutions.

Figure 58 reports the damping curves o¢f the disc 1in the
surfaces of tmp-heptancate by itself and of a mixture of the two
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additives dissolved in tmp-heptancate; namely, phenothiazine, 2%,

plus tricresyl phosphate, 2%. The diagram shows a significant
increase in the surface viscosity of the ternary mixture. The

magnitude of this increase 1is far larger than the corresponding
increase in the bulk viscosities of the twe 1liquids, which is an
increase of only 4%, compared to an increase of 26% in the surface
viscosity. Further measurements of surface viscosity made after
longer time intervals, as much as two-and-a-half hours, gave
identical results, showing that the surface structure was complete
within the first time interval of thirty minutes.

4. Scolutions Containing Benzotriazole

Surface viscosities were measured using the oscillating-disc
viscosimeter, at the temperature 25.0 % 0.1°C. The tests show
(Figure 59) that solutions containing up to 0.1%(w/w) benzotriazole
in tmp-heptanhoate have the same surface viscosity as the solvent.
The surface viscosity was also unchanged in a solution in tmp-
heptancate of 1.94%(w/wWw) tricresyl phosphate plus O0.1%(w/w)

benzotriazole. Figure 59 reports the damping curve in the two
solutions; the solid line, referring to tmp-heptancate, is given as
a reference. Figure 60 shows the damping curve of the disc in the
surface of a solution of 0.10%(w/w) benzotriazole plus 1.97%(w/w)
phenothiazine 1in tmp-heptancate. The solid 1line refers *to a
solution containing only the phenothiazine, at the same
concentration. Figure 60 clearly shows that the presence of the
benzotriazole does not affect the surface viscosity. However, a

decrease of surface viscosity is observed (Figure 61) when
0.12%(w/w) benzotriazole is present in a solution containing the
synergistic mixture of 1.98%(w/w) phenothiazine plus 1.98%(w/w)
tricresyl phosphate, to the extent of eliminating the synergistic
increase previously reported. It is significant that the foam-
depressing action of 0.12% bezotriazole in a given solution (entry
no. 13 in Table 6) should be paralleled by its acting to inhibit the
formation of a surface film in the same solution.

5, Solutions Containing p-Nonyl Phenol

'!'!'gsinnlllln--J-_‘.lqp.-.-.-_.‘ TSP e— e s

3
Surface viscosities of solutions of p-nonyl phenol in tmp- 2
heptancate, and p-nonyl phenol in combination with other additives ﬂ
in tmp-heptancate as solvent, were measured using the oscillating- Q
disc viscosimeter at the temperature of 25.0 % 0.1°C and are A
reported 1in Table 7 along with other properties of these solutions. j
The numbers under surface viscosity refer to the slopes of the lines o
that describe the logarithm of the amplitude ratic as a function of 7
the swing number. The numbers given within parentheses in Table 7 j:
refer to solutions of identical compositions but without the p-nonyl <
phenol. Some of the detailed data obtained are reported in Figures i
62, 53 and 64. b
Talble 7 shows that the changes in surface viscosities taking 3
rrlace in the sclutions of the wvarious o©il additives when the -
relevant maximum concentration of p-nonyl phenol is added thereto, o
are insignificant and usually within the experimental error. e
b
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6. Polydimethylsiloxane (1000 c¢cSt) in

Surface viscosities were measured with the oscillating-disc
viscosimeter, at 25° % 0.1°C, with dry nitrogen cas flowing across
the surface.

Figure 65 1illustrates the damping curves of the disc in the
surface of solutions of concentration 0.408 ppm and of 4.07 ppm

polydimethylsiloxane in mineral oil. The continuous line in the
diagram refers to the solvent. The reported results in Figure 65
show no change of surface viscosity due to the presence of
polydimethylsiloxane at either concentration. Similar behavior was

found in all tested sclutions of polydimethylsiloxane 1in mineral
0il, up to a concentration of 27.5 ppm.

7. Span 20 Solutions in Mineral Qil

Surface viscosities were measured with the oscillating-disk
viscosimeter, at 25°C, with dry nitrogen gas flowing across the
surface.

The results of all the measurements carried out with these
solutions in the range of concentrations O to 5010 ppm show that the
surface viscosity is not affected by the presence of Span 20 in
solution. Figure ©6 illustrates the damping curves of the disk in
the surface of solutions of concentration 69.9 ppm and 5010 ppm of
Span 20 in mineral oil. The continuous line in the diagram refers
to the solvent. The diagram shows the invariability of the surface
viscosity with the concentration, in the range tested.

8, Aerosol OT Solution in Tmp-Heptanoate

The surface-shear viscosity of a solution of Aerosol OT (2.06&%
W/Ww) 1in tmp-heptancate was measured and compared with that of the

solvent. The measurements were made according to the wusual
procedure: oscillating-disc surface viscosimeter; flow of dry
nitrogen gas across the surface; temperature of 25°C. Figure 67

reports the amplitude ratio versus swing number for tmp-heptancate
and for the Aerosol OT solution in tmp-heptancate, fifteen minutes
and one hundred and fifty minutes after the agitation was stopped.
The diagrams show no indication of the formation of a surface film;
thus eliminating the mechanism of foam stabilization that depends on
the presence of such a film,

9. Foaminess versus Surface Viscosity of Solutions of Additives in
Imp~-Heptanoate

We have demonstrated (Figure 58) +that a correlation exists
between the measured foaminess of solutions of oil additives in tmp-
heptanoate and the presencc of a layer of enhanced viscosity at the
surface of the solution; and the absence of such an effect in
solutions that do not foam. Thus, in solutions that did not show a
propensity to foam (2¥% (w/w) phenothiazine or 2% {(w/w) tricresyl
phosphate) the viscosity of the surface layer was found to be
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identical with that of the solvent. To investigate this

correlation further, a series of solutions were tested for foam, at

40 to 80°C using the Test Method 3213, for bulk viscosity, at 25°C

using an Ostwald viscosimeter, and for surface viscosity, at 25°C

using the oscillating-disc viscosimeter. In Table 13 we report:

a. The foam volumes measured at 80°C;

b. The increase (%) of the bulk viscosity of the solution, compared
to the viscosity of tmp-heptancate;

c. The increase (%) of surface viscosity relative to the surface
viscosity of tmp-heptanocate.

Table 13. Correlation of Foam Volume and Surface Viscosity

I ] I L 1
| | | Bulk Viscosity | Surface Viscosity |
| Solution | Foam Volume | increase | increase |
I I (ml) I (%) I (%) I
- + I ~ —
| 2.08% A | None | 3.3 | 5.0 I
| 2.03% B ] None ] 3.7 | 5.2 |
| 1.969 D ] None | -2.0 | None |
| 3.949% A i >520 | 10.3 | 20.7 |
[ 4.00% B | >520 ] 20.9 | 27.0 |
| 2.00% B | I I I
! + 2.00% D | 480 to >520 | 4.1 | 15.5 to 26.0 |
i 0.98%7 B | I ! |
| + 2.94% D | 400 to 460 | 1.6 | 10.0 |
| 1.98% A I I I |
[ + 1.99% D | 435 to >520 | 7.9 | 8.6 to 17.2 !
| 0.99% A I I | |
| + 2.97%4 D | 360 to >520 | 3.6 | 13.8 |
L 1 § 1 —1

Table 13 clearly shows the correlation that exists between the
measured foaminess and the presence of a surface layer of enhanced
viscosity (indicated by the larger increase of surface viscosity
compared to the change cf the bulk viscosity) showing the importance
of the formation of surface films for the production cf foam.

For what may be a better evaluation of foaming propensity, we
are developing an improved foam meter according to a design of R.C.
Watkins.®2 (see Section XIII.9)

99

e T R AT . P = ..‘_“'_-“ ‘-""."'-' ."..' -‘.-'_~ "'_/.!" L L . T .,
PENE VI, PRV WU ST TR W i ST IS SRR Rl S A (0¥ /6 LI R PR SIS VG SIS 7 SR IRER L P I IR IR P S

'

T s "



SECTION VIII
COMPRESSIONAL~DILATATIONAL SURFACE TENSION

1. Introduction

Dynamic surface tensicn 1is a term used 0 signify non-
equilibrium values of the surface tension of a solution, whic¢h are
produced when the surface is in a mode of motion such that new
surface 1s Dbeing created. Pure liquids and solutions of solutews
that are surface-inactive do not exhib:it a dynamic, or non-
equilibrium, surface tension when a new surface is creaced; but
sclutions of surface-active solutes de so. The surface tension of
a solvent 1s reduced by the presence of adscrbed =zolute at the
liquid-vapor interface; the more the adsorption, the lower the
surface tension. The effect of expanding or contracting movemenus
across the surface is, respectively, to decrease ¢©. increase the
surface concentration of solute (moles/cm?) and so raise or lower,
respectively, the surface tension, at least momentarily. If the
adsorption equilibrium with the immediately adjacent solution is
established rapidly, the expanding or contracting of the surface,
unless it is done still more rapidly, will have no effect upon the
surface tension, which would remain at its equilibrium wvalue; but
for many oil soluticus the adsorption equilibrium is far from rapid,
so that expansion or contraction of the surface, even if done
relatively slowly, results in appre-iable changes of the surface
tension. This effect, i.e., the existence of a compressional-
dilatational surface tension, is connected with the propensity to
foam. The hope of better understanding the nature of this
connection 1is the reason for introducing measurements o
compressional-dilatational surface tensions into the present
investigation.

The Marangoni-Gibbs~Rayleigh mechanism, which we shall briefly
describe, is a ‘theory to explain the stability of foans, Figure
68A represents a horizontal cross-section of the liquid lamellae
between three bubbles of a foam. Adsorbed at the interface are
molecules of the surface-active solute. The X's denote areas of
equal hydrostatic pressure, while the O denotes an area of lower
hydrostatic pressure, located at the Plateau border, resulting from

the three convex curvatures of the liquid surface. This pressure
difference results in a flow of liquid, called capillary flow, into
the Plateau border. The motion of the liguid exerts a viscous drag

on the surface and so pulls the adsorbed molecules inte the Plateau
border, thus compressing the surface film, and lowering the surface
tension (see Figure 68B.) This process in turn creates a surface-
tension gradient, setting up a Marangoni flow, causing the surface
to move away from the Plateau border. The motion of the surface
now exerts a viscous drag on the underlying liquid, which 1is drawn
back into the lamellae, thus reversing the destabilising influences
of capillary and gravitational drainage.

We initiated experiments with the Cahn Dynamic Surface Tension
unit as an attempt to investigate whether the foregoing theory
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applies to the foaminess of our oil systems. In this apparatus,
the capillary flow part of the theorized mechanism is simulated by
the mechanical action of two moving barriers that compress and
decompress the adsorbed film in continuous, successive cycles; the
consequent changes of surface tension are measured by a Wilhelmy
plate situated Dbetween the moving barriers. With this device we
observed in certain of our oil solutions changes of surface tension
faithfully following contractions and expansions of the liquid
surface, <clearly the result of corresponding compressions and
decompressions of an adsorbed layer of solute. This finding is
significant, for the adsorbed film in its uncompressed state is too
dilute to signal its ©presence 1in the usual way by reducing the
static or equilibrium surface tension: these observations of dynamic
surface tension are, however, sufficient evidence ¢f the existence
of an adsorbed film on the surface of such oil solutions. of
course, when no adsorbed film is present, as in an uncompounded oil,
or if the additive is not surface active, the contractions and
expansions of the ligquid surface do not result in any change of
surface tension. The Cahn instrument, however, having given these
valuable indications, has reached its limit of usefulness: it is too
crudely constructed to yield quantitative answers to the more
demanding questions that we are now poised to ask.

2. Apparatus to measure Compressional-Dilatational Surface Tensions

The apparatus used is a surface, or film, balance equipped with
mechanical devices for producing controlled changes of surface area
with simultaneous measurement of surface tension. The instrument
is commercially available as the Cahn 2000 Electrobalance with
Dynamic Surface Tension Accessory (Cahn #099-002910-30,) based on a
design of Mendenhall and Mendenhall, Jr.23 The accessory egquipment
consists of a trough of Kel-F-coated aluminum (11.7 cm x 6.18 cm),
holding 100 ml of solution. The mobile barriers of solid Teflon
are driven by a synchronous motor (Model 65C, New England Gear
Division of Robbins & Meyer, Inc.)

The first test of the apparatus is to obtain a horizontal 1line
without any hysteresis on the X-Y recorder when the contraction-
expansion cycle of the surface 1is performed on a solvent sans
solute. To bring the equipment to the point where it c¢an pass that
test requires that an electric 3jack be added to control the
elevation of the film balance until contact is just made with the
Wilhelmy plate; the whole equipment is to be placed inside a shock-
mounted polystyrene box; and the sides of the polystyrene box are
lined with & grounded metal screen to convert it into a Faraday
cage, because of the effects of static electrical charges on the
response of the electrobalance. Once all these precautions against
external interfering elements are duly taken care of, the equipment
gives excellent performance of its function.

3. Results

a. Pure liquids do not show any measurable «<hange of surface
tension, because eqguilibrium 1is reached within microseconds,
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mechanical device. On the equipment described above, the X-Y
tracing is a horizontal 1line withocut hysteresis. This
observation agrees with Rayleigh's theory of dynamic surface
tension. Liquids do not have to be absolutely pure to show
this behavior; it 1is necessary, however, that any soluble
impurity present be surface inactive.

Ei that is, far more rapidly than can be attained with any

b. The presence of a trace of surface-active impurity in a solvent
can be detected by the evidence of dynamic surface tension,
i.e., a value of the surface tension other than its equilibrium
value, when the surface area is expanded or contracted.

0

If a surface-active solute is present, creation of new surface
occurs when the mobile barriers are moving apart, and this 1is
accompanied by an increase of the surface tension. When the
barriers approach each other, the surface tension decreases.

d. Hysteretic behavior is always a sign that the system is far from
equilibrium. It is produced in the present apparatus when the
motion of the blades 1is faster than the natural mechanism of
restoration of the adsorbed surface film.

e. We have discovered two well differentiated types of hysteresis
obtained with this equipment. One of these occurs in solutions
of polydimethylsiloxane in mineral oil, and the other 1in
solutions of an oil-soluble, surface~active solute (Span 20) in
mineral oil. The former solution yields a hysteresis loop in
which the contraction branch lies above the expansion branch;
the latter solution vyields a hysteresis loop of the opposite
character, in which the contraction branch 1lies below the

u' expansion branch. These results are reported in Figures 69 and
70. Figure 69 refers to the solution of polydimethylsiloxane;
the course of the hysteresis loop is counterclockwise. Figure

70 refers to the solution of Span 20; the course of the
hysteresis loop is clockwise.

i f. The difference in behavior described above may be traced to two
o different natural mechanisms by which the newly created surface
- is restored, and which can readily be distinguished one from
another by means of this investigative technique.

. 4. Discussion of Results

The two different types of hysteresis loop obtained by means of
the film balance can be explained as arising from the presence of
two different natural mechanisms that act to restore equilibrium to
a nevly created surface,. Two types of behavior of surface films
o may be understood by keeping in mind the usual shape of the isotherm
‘“ of an adsorbed monolayer, shown 1in Figure 71, where 1II , the
oo spreading pressure in mN/m, is equal to vu,- ¢ , the reduction of

- the surface tension, and A is the area available for a fixed amount
of adsorbate. In such an isotherm there exists a range of high
oy surface concentration described by PQ in Figure 71, in which
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LS oA

(d ¢g/dA) = -(dll/dA) 1is large; and another range of low surface
concentration, described by RS in Figure 71, in which -(dn1/daA) =
{d o/dA) is small. The behavior described by Figure 71 is typical

of that obtained by direct measurements of insoluble monolayers on
water; and 1t also describes the behavior of f£ilms of adsorbed
solutes in agueous or non-agqueous solution.

Figure 69 represents the behavior of a weakly surface-~active
solute, which 1s able tc¢ reduce only slightly the surface tension of
the solvent and has only a small excess surface concentration. The
equilibrium surface film corresponds to the point S in Figure 71; it
shows no change on expansion beyond S because it is already so
dilute, but on compression it begins to respond by increasing Il
(reducing o ,) slowly at first and then more rapidly toward the end
of the compression. On the return branch of the cycle the
compressed film is allowed to expand. If, on the return of the
blades to their original position, the rates of molecular relaxation
of the compressed adsorbate plus desorption intoc the solution (both
of which occur simultanecusly) are exceeded by the rate at which the
moving blades are donating new area, hysteresis follows. The lag
of these processes on expansion allows a lower surface tension to be
retained than would have resulted from an instantaneous response, so
the expansion branch of the cycle lies below that of the contraction
branch. The <c¢ycle, therefore, +travels in a c¢ounterclockwise
direction from the higher equilibrium surface tension of the

solution to the lower nonequilibrium surface tension of the
compressed soluble film.

Figure 70 represents the behavior of a strongly adsorbed
solute, which markedly reduces the surface tension of the solvent.
The equilibrium surface film corresponds toc the point P in Figure
71. The major movement of the surface tension now occurs on
eXxpanding the surface beyond its equilibrium condition. The newly
created area of liquid soon, albeit temporarily, has the character
of the solvent, or at most a very dilute solution, say, at the point
S: and the surface tension climbs rapidly to a value close to that
of the solvent. This non-equilibrium condition of the surface
cannot be maintained for long; even were the motion of the blades
were to cease at this peoint, the surface tension would spontaneously
decline to that of the equilibrium state. Accordingly we find a
fairly rapid initial decrease of the tension from its high value,
partly because of spontaneous adsorption but assisted by the
compression of the adsorbed film, which brings the compression
branch of the cycle below the expansion branch. The cycle,
therefore, travels in a clocckwise direction from the lower
equilibrium surface tension of the solution to the higher non-
equilibrium surface tension of the expanded surface,

A third type of surface film is possible: an insoluble
meonolayer. An insoluble monolayer may be obtained by directly
depositing an insoluble material that has the ability to spread on
the liquid surface. Such a film can be compressed without going
into solution, so that the surface tension is brought to a value
below that of equilibrium. If, on the return of the blades to
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their expanded position, the rate of molecular relaxation of the
compressed, insoluble monolayer is exceeded by the rate at which the
moving blades are creating new surface, hysteresis follows. The
lag of the relaxation on expansion retains a lower surface tension
than would have resulted from an instantaneous response, so the
expansion branch of the cycle lies below that of the contraction
branch, The c¢ycle travels from the surface tension of the
compressed film to that of the expanded film. A feature of a
compressed insoluble film is that it can reduce the surface tension
of water to values lower than are ever reached by soluble
hydrocarbon-based detergents, which cannot give values less than

about 28 mN/m. The surfactant derived from the animal lung has
been reported?* to give values of the surface tension of water of
only a few mN/m. That observation alone is enough to establish the

presence of an insoluble monolayer on the aqgueous substrate.
Another indicator of an insoluble monolayer 1is that the surface
tension of the compressed film does not drift spontaneously upward
if the motion of the barriers is stopped at that point.

The adsorption of solute takes several hours of repeated

cycling to reach either a steady state or static equilibrium. This
phenomenon ©of slow growth appears to be common to soluble types of
adsorbed film. At first the cycle is a horizontal 1line with no

hysteresis, indicating a surface indistinguishable from that of the
pure solvent; but the surface tension soon begins to decline and a
hysteresis loop develops. On each successive cycle the surface
tension continues to decrease, indicating that adsorption out of the
solution has gone further by the end of the cycle than merely to
replace adsorbate that had been present at the beginning of the

cycle. After cycling for several hours, a steady state is reached
in which no more adsorption occurs than is required to restore the
conditions that existed at the start of the cycle. At this stage
the hysteretic loop repeats itself each time. Figures 69 and 70
report such steady-state loops. Figure 72 shows how the hysteresis
loops develop over a period of four hours, starting with a surface
that had already been aged for several hours. A genuine static

egquilibrium cannot be reached while the blades are in motion, as the
surface is constantly being disturbed; but for every mechanically
imposed speed of «cycling there exists a steady state at which the
rate of adsorption (not yet zero as it would be at a static
equilibrium) provides just enough adsorbate in the time of the cycle
to restore what had been lost by desorption during the contraction.
The persistence of the hysteresis shows, however, that the natural
rate of restoration still lags behind the imposed rate of the cycle.
Let us reduce the imposed rate of cycling still further: the area of
the hysteretic loop decreases as the lag becomes smaller; finally a
steady state may be reached at which the imposed rate of cycling
just equals the natural rate of restoration, at least for an
appreciable portion of the cycle; at this point the hysteresis is at
its minimum.
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5. Results of Dynamic Surface Tension with Improved Apparatus

The commercially available Cahn Dynamic Surface Tension Balance
may allow the enclosed surface film to leak past the barriers. To
overcome this difficulty, Mr Erik Bock suggested tc us the use of a
hollow funnel to confine the surface, which could then be made to
contract in area as the funnel is lowered into the solution.

The schematic diagram (Figure 73) shows its basic components.
Central to the design is a funnel of rectangular cross section, made
of teflon-coated stainless steel, which is attached to the hydraulic
cylinder (slave cylinder,) and is designed to give a 1linear change
of area with depth of immersion. Next to the funnel is the teflon
counter-volume, which compensates the volume change of the solution
caused by immersing and withdrawing the funnel. Beneath the funnel
is a trough, made of teflon-coated stainless steel, in which the
solution is contained. It is raised into position by an optical
table (not shown.) The entire unit is enclosed in a plexiglass box,
which is electrostatically shielded, dust and draft proof, and
vibration free. The slave c¢ylinder is connected by hydraulic lines
to a master cylinder, which is controlled by a variable-speed power
station (see Figure 74.) Hydraulic operation eliminates vibrations
and temperature fluctuations inside the box, and permits easy access
to all the controls.

The purpose of the experiment is to measure the surface tension
of the solution as the area of the surface is changed. Settiang the
vertical distance of travel of the funnel sets tne contraction ratio
of the surface, In .1e present experiments the contraction ratio
is 5.8:1.0 and the cycling speed is 3.25 minutes/cycle, The area
of the surface inside the funnel contracts and expands linearly with
time, The cycles are recorded on an X-Y plotter as surface tension
versus area of surface. Of these cycles we need report here only
the first and the final equilibrium: the first cycle is relevant to
our 1investigation of foam, as a dynamic foam is a creation of fresh
surfaces; the equilibrium cycle is included for its general
interest, although too much time elapses before the surface reaches
that stage for the equilibrium cycle to relate to the foaminess of
these solutions.

Our first use of the new technique was to check the distinction
previously drawn between dilute and concentrated surface films
appearing on the surface of solutions. The result cited comes into
question when the possibility is admitted of the film leaking past
the Dbarriers. The new technique with the film confined within the
cone precludes this possibility. By its use, we have confirmed the
correctness of the previously stated distinction. A solution of
Span 20 in mineral ¢il, at a concentration of 474 ppm reduces the
equilibrium surface tension from 31.32 mN/m (solvent alone) to 28.3

mN/m. After contracting the surface area of the solution by a
factor of four, the surface tension does not change; expanding the
surface, however, causes the surface tension to increase to 31.3

mN/m, which i1s the surface tension of the solvent; on standing, in
the expanded state, the su-face tension finally subsides to its
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equilibrium value of 28.3 mN/m, as adsorption takes place from the
bulk solution to the diluted surface. This series of observations
with the leak-proof film container demonstrates that the surface
film at equilibrium is concentrated: it is not concentrated further
by compression because any build~up of surface concentration 1is
rapidly dissipated by dissolution or desorption; it can, however, be
diluted by expansion, at least temporarily, because the rate of
adsorption is less than the rate of desorption,.

The new technique with the cone also confirms our finding that
solutions of polydimethylsiloxane in mineral oil give surface films
of low concentration. These films are recognized by their opposite
type of behavior: the surface tension decreases on contracting the
surface area from its initial state, indicating that the film can be
compressed; but the surface tension does not increase on expanding
the film from its initial state, indicating that the equilibrium
adsorbed film is exceedingly dilute; this last point is borne out by
the +tiny reduction of the surface tension of the solvent brought
about by the presence of the solute in these solutions.

6. Dynamic Surface Tension and Foam

The condition of equilibrium, which requires a long period of

time, can have no direct relevance to foaminess, as in the
production of foam new surface is created as soon as a bubble is
entrained within the solution. If the foaminess of solutions

depends on the existence of surface films +that affect surface
tension, as is reasonable to assume, we must look to their state of
development within, at the most, a few minutes after the creation of
a new liquid surface. With this condition in mind, the difference
in behavior of a solution of phenothiazine in tmp-heptanocate at 2%
(w/w) concentration and at 4% (w/w) concentration is significant.
The former of these solutions 1s essentially nonfoaming, whereas the
latter foams readily and overflows the foam-meter. The presence of
the solute 1in these solutions affects the equilibrium surface
tension to a negligible degree, so that there would be no reason, on
the basis of such evidence, to describe the solute as surface
active. Nevertheless, a rapid contraction of the surface results
in a lowered surface tension, which is definitive evidence that an
adsorbed film of solute 1is present initially and that it becomes
compressed and, as a result, concentrated on the contraction of the
surface. We find that the surface tension, after contraction, of a
fresh surface of the 2% solution declines from the value of the
solvent very slowly; even after two hours it is still the same,
after contraction, as when newly created. The surface tensicn of a
fresh surface of the 4% solution, however, shows an immediate
lowering, but again only after contraction, from 30.89 mN/m to 30.71
mN/m, and a final lowering, after aging and on contraction, to 24.48
mN,/m, While these wvalues of surface-tension lowering are small,
they are greatly augmented when the film is even further compressed
by a greater degree of contraction. In the production of foam by
entrainment of gas, both compressions and expansions of surface
films are going on throughout the foam and all the time. We
therefore ascribe the nonfoaminess of the 2% solution and the
foaminess of the 47 solution to the difference in initial rates of
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establishing a lowering of the surface tension on contraction of the
surface, with its correlative and concomitant effects, the
adsorption of solute and growth of the surface film.

The foregoing experiments were done with a contraction ratio of
6:1 but it is evident that compression of the film at the surface is
more pronounced at the later stage of the contraction. Only the
initial changes of surface tension on contraction of the surface are
likely to <correlate significantly with observed foam behavior, and
such changes are quite small initially. These changes depend on
the contraction ratio, and are greatly accentuated at ratios larger
than 6:1.

7. Temperature Variation of Compressional-Dilatational Surface
Tension

The apparatus to measure compressional-dilatational surface

tension was modified to accomodate measurements at elevated
temperatures. The solution 1is heated to the desired temperature
prior to pouring it into trough. The air inside the box also

requires to be heated, because the motion of the funnel traps warm
air above the liquid surface when most of the funnel is withdrawn
from the 1liquid, but cooler air surges in as the funnel descends,
lowering the temperature of the liquid surface, thereby raising the
surface tension. This causes the flat trace characteristic of the
solvent alone to display a rising curve, and would cause the
hysteresis loop of a solution to be reduced.

The variation with area and temperature of the change of
surface tension on the first compression/dilatation cycle of
solutions of N-phenyl-1l-naphthylamine in tmp-heptanocate are reported
in Figure 75. Curve A refers to a concentraticn of 3.90% (w/w) and
curve B refers to a concentration of 4.40% (w/w.) Each point on
the curves represents the decrease in surface tension on the initial
contraction of the surface. Both solutions show a marked increase
in this effect with increasing temperature; the solution of 3.90%
concentration sustains its surface activity with temperature; the
solution of concentration 4.40Y% declines in surface activity after a
maximum at 60°C.

A solution of 4.0)% (w/w) phenothiazine in tmp-heptanocate was
measured as well. No decrease of surface tension on contraction of
the surface was observed, even after continuous cycling for forty-
five minutes. After standing overnight undisturbed a decrewcse of
2.3 mN/m was measured. At 53.6°C, after wvigorous stirring, the
initial decrease of surface tension on contraction was 1.6 mN/m.
These changes are much less than were observed for solutions of N-
phenyl-1l-naphthylamine at the same temperature, altho'gh the
foaminess of solutions of the two solutes in tmp-heptancate 1s ahout
the same. This observation suggests that phenothiazine solutions
are stabilized electrostatically; especially as we have found that
the electrical conductivily of phenothiazine solutions is also much
larger than that of the solvent.
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SECTION IX
SINGLE BUBBLE STABILITY

1. Measurement of the Stability of a Single Bubble

Initial attempts to produce single bubbles were consistently
defeated by the bubbles drifting, due to drafts, thermal currents,
and the attraction of the meniscusa:s at the container wall and

nearby glass capillary. The lifetime of a single bubble is not a
reproducible measurement if the bubble should become attached to a
meniscus or to another bubble. These experimental difficulties

were overcome by containing the solution in a jacketed beaker, 12 cm
in diameter, covered with a Plexiglass lid, and connected to a Haake
temperature~controlled circulator. Astigmatism of the optical
system was reduced by immersing the beaker in water, contained in a
flat-walled Plexiglass box.

The end of a glass tube, 4mm diameter, was drawn out into a
fine capillary and bent to an angle of 45° to the standing part.
This conformation allows the capillary tip to be placed immediately
underneath the surface of the solution in the center of the beaker.
The depth of immersion of the capillary tip is kept constant by the
use of a cathetometer. Control of the air injection is obtained by
a micrometer-driven syringe connected to the capillary. The entire
apparatus is back~-lighted to make the capillary more visible.

2. Normalizing Bubble Stablities for Changes of Viscosity

The variation with temperature of the 1lifetime of a single
bubble, averaged over at least fifteen observations, of a solution
of N-phenyl-l-naphthylamine (3.5% w/w) in tmp-heptancate, decreased
continuously from a value of 13.3 minutes at 25°C to 1.56 minutes at

80°c. (See Figure 76.) The effect of increased temperature on the
foaminess of a solution is largely the result of the accompanying
decrease of the viscosity of the liguid. To offset that influence

we have replotted bubble~stability data as the ratio of the lifetime
to the kinematic viscosity versus the temperature; see Figure 77.
A maximum value of this ratio appears at 40°C. This maximum might
well be a reflection of a corresponding maximum of the surface
activity of the solute at this concentration at 40°C.

Another set of data is reported in Figure 78: the temperature
dependence of the stability of a single bubble in a solution of

polydimethylsiloxane, 1000 cSt, in tmp-heptanocate, at a
concentration of 263 ppm, in the range of temperatures of 25° to
80°cC. The same data are plotted in Figure 79 as the ratio of
stability to viscosity versus temperature, i.e., the data normalized

for changes in viscosity. Figure 79 shows a decrease of the
normalized stability with temperature, indicating a reduction of
surface activity at higher temperatures.
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SECTION X
GAS SOLUBILITY IN TMP-HEPTANOATE AND ITS SOLUTIONS

1. Apparatus to Measure Gas Solubility

A refined volumetric absorption apparatus was constructed,
capable of measuring the amount of gas dissclved as a function of
equilibrium pressure. (See Figure 80.) The apparatus consists of a
high-vacuum pumping station (Dual-Stage Rotary Vane Pump and
Turbovac, turbomolecular pump), a manifold for transferring gases,
an absorption manifold and a sample thermostat. The absorption
manifold contains a dosing volume and a sample chamber. The dosing
volume contains a capacitance manometer, responsive to pressures up
to 1000 torr. The sample chamber consists of a 10 torr manometer
and a Pyrex bulb to hold the absorbing liguid. All components of
the absorption system are connected with stainless steel Swagelok
fittings and are vacuum tight to 10" 7 torr.

Solubility data are obtained by loading the dosing chamber with
the gas and introducing it to the sample chanker. The pressure
drop in the dosing chamber and the increased equilibrium pressure
over the sample are read after each addition of gas, and the moles
of gas dissolved are calculated from the pressure differences in the
precalibrated volumes in the usual way.

2. Vapor pressure of TMP-Heptanoate

The gas solubility apparatus was used to measure the vapor
pressure of tmp-heptanocate, in the temperature range of 25 to 45°C.
Prior to the measurements the liquid was degassed for 15 minutes at

25°C and pressure less than 0.0l torr. The absorption manifold was
continuously heated at 45°C to prevent vapor condensation on the
inner parts of the manifold. Figure 81 reports the vapor pressures
obtained at the various temperatures. It shows a linear relation

between log P and 1/T, according to the Clausius-Clapeyron equation.

The vapor pressure was found to be sensitive to the degassing
time; the pressure at a given temperature sharply decreasing with
increasing degassing time. This effect indicates the presence of
some volatile substances in the tmp-heptanocate used, which are
preferentially distilled out during the degassing procedure.

3. Nitrogen Solubility Isotherms

Nitrogen-gas solubilities in tmp-heptancate were measured at
26.0°C and 34.7°C at equilibrium pressures of nitrogen up to 580

torr. Figure 82 reports the mass of nitrogen absorbed per gram of
tmp-heptanocate as a function of the equilibrium pressure at the two
temperatures. The two isotherms show minor wvariations of the

amounts absorbed up to about 180 torr; at pressures greater than
that, the amounts dissolved decrease significantly with rising
temperature. Both isotherms deviate from linearity (Henry's law)
in the pressure range examined.
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4. Nitrogen and Oxygen Solubility Isotherms

The procedure previcusly reported was modified to obtain better
reproducibility. The modifications are: (a) a more accurate
measurement of the vapor pressure and more uniformity in the
equilibration conditions; (b) to measure the vapor pressure, initial
degassing for one hour was allowed, Zollowed by an equilibration
time of twenty-two hours; (c) the vapor pressure is taken as the
average of two measurements, one at the start and the other at the
end of the determination of the isotherm; and (d) the same
equilibration period is allowed at each step, i.e., each change in
gas pressure is followed by an equilibration time of twenty-two
hours.

Figure &% reports the isotherms =t 353.1 * 0.1°C for a solution
of vphencthiarine (4.20% w/w) in tmp-heptanvate, and for a soluticn
of N-pheryl-l-aaphthylamine (4.08% w,w) 1in tmp-heptanocate. The
data shcw a ignificant ncrease in the -rolumes of gas dissolvzad in
the solutions Jdue to the : resence of solute.

The modi:ied procedu e was used to determine the solubility
isoth-2rme at 35.1 2 0.1 °C of nitrogen gas in a solution of Aeroscl
OT (1.95% w/w 1in tmp-hep ancate; and the oxygen-gas solukility in a
solution of N bhenyl-1-me hylamine in tmp-heptanoate. The results
obtained are :2ported in :‘igure 84. Tha diagram shows:

a. Nitrcgen 3jas is more soluble in the solution of Aerosol OT than
in the so!/ent tmp-he; tanocate.

b. The s=olut lity isothe:m of nitrogen in the Aerosol OT soluation
is linear.

c. Tne soluiility isotl.erm of nitrcgen in the Aeroscl OT solution
is wvery similar to that in the solution of N-phenyl-1-
naphthylarmine (4.08% v/w), both ir tmp-heptanoate.

d. The solul.ility isotherm of oxygen in a solution of N-phenyl-1-
naphthylarn.ine (3.9% w,/w) in tmp-heptancate is much larger than
that for nitrogen. Some chemical reaction between oxygen and
the amine may contribute to the absorption of oxygen. Oour
intention in making this measurement was to find if the chemical
reaction 1is pronounced, but tle long times required to reach
equilibrium show that the reacticn with oxygen, if any, 1is
neither rapid nor pronounced.
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SECTION XI
ELECTRICAL PROPERTIES OF TMP-HEPTANOATE AND ITS SOLUTICONS

1. Electrical Conductivity

In connection with the possibility that electrical effects in
lubricating oils may influence foam stabilities, we have measured
the extremely low electrical conductivity of lubricating oils, with
and without additives, The following Table reports our rcsults for
tmp-heptanocate and a few typical additives that might be present in
a formulated lubricating oil (Table 14.)

Table 14. Specific Conductivity of Tmp-Heptanoate and its Solutions at

20°cC,
. r T 1
. | Name of sample | Specific conductivity at |
" | | 20°C in ohms ! cm™! x 10! 73|
; | | s
{ Solvent alone (- asp-heptarcate) | 6.6 |
[ [ —t .
L | + 0.2 % L5720 (L ion Carbide Zorporatior) | 9.5 |
: - — -
b+ 0.2 % L5323 (v.C.C.) | 13.0 {
,L s 1
| + 0.2 % L6202 (U.C.C.) | 81.0 [
: -+ 1
| + 0.2 9 LS43 (U.C.C.) | 15.0 |
— + —
| + 0.15% L540 (U.C.C.) | 16.0 |
l ,L 1 .
; | + 0.14% silicone o0il (S50 cSt) | 6.5 [
i | | —
| + 0.14% polypropylene (Triol) i 7.7 |
X - + 1
i | + 0.15% polypropylene (Diol) i 10.0 |
L 1 |
: — T 1
L | + 0.17% carbon black | 3.2 |
— | .
| + 1.0 % chloroform | 9.0 |
| —+ 1
| + 0.85% o-tritol ;1 phosphate | 5.1 |
: } — .
| + 0.77% phenyl naphthylamine | 6.7 |
- —+ —
| + 1.0 % phenothiazine { 230.0
! 1 q
f 1 1
| + 1.1 % dihydroxy anthraguinone ! 4.6 i
- L J
) 1 1
| isococtane | 0.008 |
S . —
| JP-5 [ 0.11 [
| 1 — 1
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One of our objectives 1s to see if foaminess can be correlated
with proton or electron transfer between species in the solution.
So far we can say that changes in the electrical conductivity do not
necessarily attend foaminess, but we are still to determine whether
in some cases such changes act to augment foaminess.

The specific electrical <conductivity in ohms ! cm™! was
measured on a number of samples of oils, with and without additives,
and bcth used and unused as lubricants in aircraft engines (Table
15.)

Table 15. Specific Conductivity of Used and Regenerated Lubricating
Oils at 20°C.

r ¥ ’ '
l I | I
[ Code | Description (provided by lohms ! em~! X 10!3|
| number | H.A.Smith in letter of 9/11/81) | |
— { . .
| L-1 | 3asestock Esters treated with 5Y% | |
| | calcium hydroxide at 25° [ 0.50 |
t — - —
[ L-2 | Basestock Esters treated with 2% | i
| | wt. calcium hydroxide at 40°C. ] 5.11 ]
r —~ + !
! -3 | Bascstock Esters treated with 0.3% | i
| ! wt. calcium hydroxide at 40°C. [ 4.08 [
- = ’ | .
| L-4 | Basestock Esters treated with 0.3% | |
| | wt. calcium hydroxide at z5°C i 5.75 |
8 | | —
! 1 .| !
| L-5 | New Formulated Ester Lubricant | 1.68 |
- : — :
] L-6 | Used Lubricant MIL-L-23699 | 460 i
- : — —
| L-7 | Used Lubricant MIL-L-23699 | - 13.1 |
— 1' " s
| L-8 | Used Lubricant MIL-L-23699 | 56.2 |
| d l |
[ T 1 R
| L-9 | Used Lubricant MIL-L-7808 | 87.7 |
| | 1 4
! T R 1
| L-10 | New MIL-L-7808 | 1.61 |
L | { |
| i T 1
| L-11 | Basestock Esters prior to | |
| | calcium hydroxide treatment | 21.2 !
L I 1 J

The results show that new and regenerated oils have lower electrical
conductivities than used oils.

The experiments reported above were extended to temperatures in
the wvicinity of 26°C, and to a range of concentration of 0.5 to
2.07(w/w) of additive, and to compositions of thiee components.
The results obtained are reported ia Table 16,
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Table 16. Electrical Conductivities of Tmp-Heptancate and Solutions
of Additives in Tmp-Heptanoate

r i I i -]
| | | Specific | |
| Solution | Concentration| Conductivity x 10!'3 | Temperature |
| I (%w/wW) I (mho-cm™1) { (°C) |
i 1 | § ] |
L 1 1 T 1
| | i 9.2 | 25.6 |
| Tmp-heptancate| | 7.4 | 21.4 |
| fresh i | 5.9 | 19.3 |
| { ; - -
i | 2.00 | 39 | 25.7 [
| N-Phenyl-1 ] 2.00 | 36 | 25.4
| naphthylamin-=z | 1.54 | 36 | 26.3
| in | 1.00 | 29 | 27.2 [
| Tmp-heptanoc::e| 0.51 | 22 [ 26.8 |
s — : - :
| ! 2.01 | 12.8 | 27.2 i
| Tricresyl ! 2.01 ] 11.8 | i
| phosphate in | 1.51 | 11.7 | 25.3
| Tmp-heptanoa .e| 1.00 | 10.0 | 25.3
| | 0.50 | 10.2 ] 26.3 [
1 1 1 1 |
¥ ¥ T I 1
| | 2.01 | 2600 ! 26.1 |
| Phenothiazin:.: | 2.01 } 2520 | 24.9 ]
i in i 1.51 | 2200 | 25.1 |
| Tmp-hept-ano:-.e] 1.00 ] 1600 | |
| [ 0.51 | 960 | 25.1 |
1 1 ! 1 i
r | T 1
| 2.00% w/w | | |
| N-Phenyl-l-naphthylamine | i |
l + | I f
LVZ.OO% w/w Tricresyl phosphate! 39 t 25.1 |
| ]
1 ] i T 1
| 2.00% w/w Phenothiazine | | |
{ + | | |
! 2.00% w/w Tr:cresyl phcsphatei 3700 i 25.7 J
i

Table 16 shows:

a. The specific conductivity of tmp-heptancate increases by 56% on
raising the temperature from 19.3°C to 25.6°C.

b. A slight increase in specific conductivity is observed (25%) in

solutions containing up to 2.0%(w/w) tricresyl phosphate. The
specific conductivity is practically independent of
concentravtion in the range 0.5 to 2%(w/w).

c. An increase in speciiic conductivity (by a factor of four) is
obtained in solutions containing N-phenyl-l-naphthylamine up to
2.0%(w/wW) . The specific conductivity increases by 60% as the

concentration is raised from 0.5%(w/w) to 2.0%(w/wW).

d. An increas= of specific conductivity by more than two orders cf
magnitude 1is observed with phenothiazine up to 2.0%(w/w). The
specific conductivity ir.creases Ly 270% as the concentration is
raised from 0.5% (w/w) to 2.0%{(w/u).




e. A synergistic increase of the specific conductivity is cobserved
with mixtures of two soclutes, phenothiazine plus tricresyl
phosphate, each at 2.0%(w/w). This effect may parallel the

synergism in the foam volumes observed for the same composition.

Further electrical conductivity measurements were made with a
dipping conauctivity cell, at room temperature. Table 17 reports
the results obtained zfter twenty minutes of thermal equilibration.
Results are reported as relative conductivity, i.e., the ratio of
the conductivity of the solution being measured to that o¢f the
solvent (tmp-heptanocate) measured on the same day.

Table 17. C:onductivities of Sclutions of Additives in Tmp-~
Hrptanoate at zC°C.

The Sol .tes Relative Conductivity
{ 1 1
I | |
| TMP-Hep! noate (S :lvernt) ] 1 |
| I I
| Bentotr. zole (0.749Y% w/w) | 1.32 |
I I I
| Ben:otr:..zole(0.0 9% /W) | 1.25 |
I I I
| Benuotriazole (0.797% w/w)+ | !
| Tricresyl Phospha:e (1.94% w/w; | 1.56 i
| I I
| Penizotriczole (0. 2% w/w) + | |
| Tricresy. Phosphaze (1.98% w/w) + | |
| Phenothic:zine (.93% w/w) | 76.4 i
| I d

2. Electrical Conductivity of Aerosol OT Solutions

The variation of electrical conductivity, measured as nano-amps
at an applied potential of 1 kV, wversus concenration of Aerosol OT

(% w/w) at 23° 1is reported in Figure 85. The data show a
discontinuity at 0.14% w/w, which 1is interpreted as a critical
micelle concentration (cmc.) The values of the conductivity for

total concentrations larger than c¢cmc in Figure 85 do not correspond
to the actual concentration of micelles in the solution; if they did
so the conductivity would be seen to increase manyfold on the advent
of micelles in the system. This indication of the presence of
conducting micelles is further circumstantial evidence for a
mechanism of foam stabilization by electrostatic repulsion in these
Aerosol OT solutions, which 1is confirmed by the measurement of
surface potential (s«e Table 18 below.)

3. Surface Potentials

The theory of Derjaguin!?® that fcam may be stabilized by
charges of like sign on opposite =sides of the 1liguid lamellae,
requires us to adfires: that question for oils susceptible to foam
formation. Although measurements of electrical conductivity give
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general information about charge separation in the iliquid, they do
not give direct evidence of the presence or absence c¢f adsorbed
electrical double layers at the liquid surfaces. The measurement
of the Volta (or surface) potential change that occurs when a
charged solute segregates at the surface of the solution gives a
definitive answer to this question.

The functional-block diagram for the apparatus (Figure 86)
shows the components necessary for detecting surface charges or
electrical fields. The sine-wave generator produces an electrical
signal with an amplitude of approximately Z00mV RMS. This signal
is amplified and is used to drive the electro-mechanical transducer.
This transducer is an audioc 1loudspeaker. The loudspeaker has,
attached to 1its cone, a glass rod that supports a gcld plated
electrode with a surface area of 12 cm?2. The surface of the
solution under test is adjusted by means of an optical positioner so
that the distance between the surface of the solution and the
surface of the electrecde is always kept constant at approximately

2mm, The gold electrode 1is connected to a series of high gain
instrumentation amplifiers that function to magnify the small
currents produced in the electrode when the apparatus is used. The

cutput of these amplifiers is then compared with the original signal
produced by the sine wave generator.

The loudspeaker vibrates the electrode 1in the vertical
direction so as to change the spacing between the solution surface
and the electrode. If a surface charge exists on the solution, or
if an electric field is present in the gap, a current will arise due
to the time variance of the capacity between the electrode and the

surface, This current can be expressed as:
. (V-ElwC, R .
i = S (5]
77 TToCR]? in (ut)

where E 1is the electric field within the gap, C) is the capacity
between the electrode and surface when the plate is not vibrating, C
is the difference in capacity between the steady state capacity and
the capacity at the point when the electrode has been vibrated to
the point furthest away from the solution surface, R is the input
impedance of the instrumentation amplifier and is the frequency
of vibration.

If a difference in electrostatic potential exists between the
two plates of the condenser, a current will flow in an external
circuit when one plate is moved with respect to the other. A high-
gain amplifier is used to detect the alternating signal generated
when the plate vibrates. The electric field produced by oriented
dipoles at the surface of the 1liquid can be detected by the
vibrating-plate technique, auia its magnitude determined by
cancelling the dipole field with an applied field. The field 1is
imposed by means of a voltage applied to an inert metal electrode
inside the bulk phase 0f the solution being measured. The field
observed as the surface potential depends on this applied voltage;
and if the metal electrode is grounded, reproducible values of the
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surface potential are obtained. By disconnecting the electrode and
allowing the surface potential to drift to an eguilibrium voltage, a
potential different from the grounded potential is obtained. The

difference between the two potentials in volts divided by the
voltage difference for the c¢orresponding solvent, gives a pure
number, R, that reflects the relative orientaticn and presence of
charged species at the surface. Values close to unity denote small
electrical effects at the surface; the larger the value the greater
these effects. Table 18 reports values for several solutions in
tmp-heptanoate, showing appreciable electrical effects for the
solutes phenothiazine and Aerosol OT.

Table 18. Relative Surface Potentials of Solutes in Tmp-Heptanoate.

Solution Concentration R
N-Pheny _-1-Naphthylamine 2.02 (%w/w) 0.97
Polydimr:thylsilcxane (1000 cSt)

1.24 ppm 1.14
Phenothiazine 2.0 (%w/w) 1.73
Aerosol OT Z2.5& (Zw/w) 2.95

4, Electrical Properties of Single Bubbles

Two platinum electrodes were fused into the upper and lower
ends of a glass tube, 70 cm in length & 26 mm internal diameter; the
same tube used to measure the rate of ascent of bubbles, see Section
XIV below. A potential difference of 20 kV between electrodes 58
cm apart was applied to a column of the Aerosol OT solution (2.04%
Ww/w) in tmp-heptanocate. If the bubbles carry a net charge, their
rate of ascent would be increased or decreased according to the
polarity of the applied potential field. The rates of ascent were
measured and showed no change with the polarity of the field; but
calculations, assuming a zeta potential of 100 mv at the surface of
the bubble and a bubble diameter of 1 mm, show that the expected
change of velocity is 1less than the experimental error of the
measurement. The experiment cught to be repeated with a larger
potential gradient.
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E SECTION XII
EFFECTS OF AGING

1. Effects of Aging on Foaminess of Tmp-Heptanocate Solutions

.. To find out if thermal treatments have an effect on the ester's
i chemical stability and foam quality, the ester was treated in three
' consecutive cycles as follows: Each cycle consisted of a 30 minute
heating at 80°C, followed by 30 minutes of bubbling nitrogen gas at
B 1 liter/minute at 80°C, followed by 60 minutes of cooling at room
= temperature. Two solutions of 1000 ¢St polydimethylsiloxane in the
- aged ester were tested at various temperatures and compared to
R solutions of the same concentrations, prepared with fresh tmp-

heptanoate. Figures 87 and 88 show the results obtained for
solutions of 119 ppm and 200 ppm respectively, with the fresh (A)
and the aged (B) esters as solvents. The results illustrate a

significant reduction of foam volume with the aged tmp-heptanoate.

Further investigation of the possible effect ¢f aging on the
foaminess of solutions in tmp-heptancate was carried out with

certain additives as solutes. N-phenyl-l-naphthylamine (1% w/w)
and tricresyl phosphate (3.03% w/w) combined togetiier in solution
were prepared in fresh and in aged tmp-heptanoate. In Figure 89

the smooth curve shows the average of two cuplicate measurements of
solutions made up in fresh tmp-heptanocate; and the open circles show
similar measurements of sclutions prepared with aged tmp-heptanoate.
The same concentrations were used 1in both sclvents; the aging
process 1is as described above. Figure 89 reports large deviations
[ between duplicate samples, therefore a definitive conclusion about
e the effect of aging of the solvent is not forthcoming from these

i data.

2. Changes of Physical Properties of Tmp-Heptanocate on Exposure to
Room Atmosphere

We suspect <the occurrence of changes in bulk and surface
properties of tmp-heptancate as a result of its being exposed to
room-atmosphere conditions, i.e., 25°C and 50-70% relative humidity.
The kinematic viscosities (by Ostwald viscosimeter) of unexposed
tmp-heptanoate and of tmp-heptancate exposed for twenty-four hours
to room atmosphere, in a glass dish of diameter 95 mm containing a
. sample of 150 ml, were compared. The comparisons also included a
2 series of solutions of polydimethylsiloxane (1000 centiStokes) in
R tmp-heptanoate, which were exposed to the room atmosphere for at
A least fourteen days, and were unegually handled. The results of
the viscosity measurements are reported in Figure 90, which
demonstrates that:

. a. The bulk viscosity of tmp-heptancate is significantly reduced
K after protracted times of exposure;

X b. The viscosity versus temperature curves of the various solutions
of polydimethylsiloxane (1000 centistokes) in tmp-heptancate,
curves C to G in Figure 90, do not correlate with the
concentration of sgolute, but rather reflect wvariations in
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figure S0.

é3 24 25 26
Temperature (°C)

Kinematic Viscosity versus Temperature aof Tmp-
Heptanoate (Freshly Exposed A; after Twenty-Four
Hours Exposure B) and of Various Solutions of
Polydimethy!siloxane (1000 cSt) in Tmp~
Heptanoate, after Various Handling and Exposure
Time of at least Fourteen Days.




handling and exposure time.
¢. A reduction of 6.5) in bulk viscosity is to be expected as a
result of a period ¢of exposure of fourteen days.

Electrical conductivity measurements also show a slight change
as a result of exposure to room atmosphere and with variation in
handling procedure. The specific conductivities of unexposed tmp-
heptancate, of tmp-heptanocate exposed for a period of three days,
with and without stirring prior to the measurement, are reported in
Table 19.

Table 19. Conductivity of Tmp-Heptanoate after Different Handling
at Room Atmosphere

I | T 1
| Treatment | Conductivity x 10'2 | Temperature |
| l (mho-cm™ 1) i (°C) |
F — f i
| Tmp-t.epatanoate | | |
fresh | 9.2 | 25.6 |

I 2 —

| Tmp~heptar.ote | | |
exposed 3 lays | 11.2 | 24.8 |

1 A1 —

1 N 1

| Tmp-heptanoate i | |
| exposed 3 lays | | |
| and stirred | 12.5 | 25.7 |
L ) S 1 J

Figure 91 illustrates the r-2sults obtained in identical
experiments carried out with solutions c¢f phenothiazine (1% w/w) and
tricresyl phosphate (3.06% w/w) combined together in fresh (smooth
curve) and aged (open <circles) tmp-heptanoate. As before, the
deviations of duplicate runs are too large to allow us to draw a
definitive conclusion about the poss:ble effect of aging of the
solvent. So far, pronounced indica:ions of aging effects have been
found with silicone solutions only.

3. Possible Effects of Aging of Solutions on their Properties

In tests reported previously, an aging of the solution was
carried out, and its effects investigated by comparing the
properties of solutions prepared from fresh and from aged tinp-
heptanoate. A more realistic way to investigate the chemical
stability of the lubricant is to perform the aging process with the
various additives present initially in the solvent tmp-heptanocate.

A solution of 2.0%(w/w) phenoth_azine plus 2.0%(w/w) tricresyl
phosphate was thermally treated as described in Section XII.1.
Foam volumes at 40°C, 60°C, and 80°C; surface viscosities and
electrical conductivities at room temperature, were measured and
compared to those of the fresh solut:on of the same content. The
results are summarized in Table 20 below.
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I T IR
| Foam | Surface i

o f o { Viscosity |
- { Temp (°C) | Volume (cm3)| (slope) {

. t ] { —

e | Fresh | 39.8 | 345 | |

e | Solution | 60.3 | 515 i 0.110 |
9. | | 80.1 | 435 | |
L [ [ ] i |

I 1 1] T 1

" ] Aged | 39.8 | 410 | |
<. | Solution | 60.8 | 500 | 0.110 |

. | | 80.0 ] 435 | |

L [ - | 1 -

.‘.
{{ Table 21 shows that no significant <c¢hanges take place in the
}j properties of the solution testel, which is the same result we
e obtained with other aged solutions of add:tives ir: tmp-heptanocate.
©_
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Table 20. Effect of Aging on Foam Volume, Surface Viscosity and
Electrical Conductivity.

{ H 1 1

| Foam | Surface | Relative |

I T —| Viscosity | Electrical |

| Temp (°C) | Volume (cm?3) (slope) | Conductivity]|
r ? — +— s
| Fresh ] 40.0 | 365 | | !
| Solution | 60.5 | 455 | 0.122 | 94.3 |
| | 79.3 | 480 | |
L i ] | ]
I . 1 T 1 !
| Aged ] 39.6 | 410 | ] |
| Solution | 60.6 | 475 | 0.122 | 62.6 ]
| | 79.3 ] 460 | | i
1 1 1 ! i ]

Table 20 shows only minor differences between the fresh and
aged solutions, the only exception bz2ing the 34% reduction of
electrical conductivity with aging.

We have investigated the effects of the aging of the solvent
upon the rroperties of the solutions (foamiuess, electrical
conductivity, surface viscosity) of various additives in tmp-
heptanocate. We have also reported the effects of aging of a
solution (phenothiazine + tricresyl phosphate in tmp-heptanocate)
upon its properties. Following are the results of the tests
carried out with an additional solution, 2.0C1% (w/w) N-phenyl-1-
naphthylamine plus 2.01% (w/w) tricresyl phosphat=, that was
thermally treated (as described in Section XII.1l.) Foam volumes at
40°Cc, 60°C, and 80°C, and surface viscosities at room temperature,
were measured and compared to those ¢f the fresh solution of the
same composition and concentration in Table 21.

Table 21. Effect of Aging on Foam Volume and Surface Viscosity
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4. Foaminess of Solutions of Phenothiazine in Tmp-Heptancate after
Aeration with Dry or Moist Air

During some measurements with solutions of phenothiazine in
tmp~heptanocate, a variation of the surface tension was noticed that
depends on how long the solution is exposed to the atmosphere. A
change of surface tension indicates a possible effect on the
foaminess of the solution, which therefore has to be investigated.
Chemical <changes that could have taken place on exposure to
atmosphere are oxidation of phenothiazine, or absorption of water
vapor. Two series of experiments were made.

a. A solution of phenothiazine, 2.98)% w/w, 1in tmp-heptanocate was
tasted for foaminess after 150 1liters of dry air had been
bubbled through 1t at a rate of 1.0 liters/minute, at a
temperature of 40°C.

b. A solution of the same concentration was tested for foaminess
after bubbling through it the same volume of moist air at the
same temperature. To prevent any loss of water content, the
second series of foam measurements was done with meist air, of
the same humidity as used for pre-aeration, instead of with dry
nitrogen cas.

Table 22 shows the volume ratio obtained et four temperatures, for

the two series of solutions. The resulte show a slight increase of

the volume ratios for tne solution treated with dry air; but because
of the poor reproducibility of these tests, this point is to be
further investigated.

Table 22. Volume Ratios of 2.98% (w/w) Phenothiazine Solutions
aftzr Bubbling with Dry and Moist Air.

I i L
| Temp. | Volume Ratios J
| F T T —
| (°C) | Original Solution | After Bubbling | After Bubbling |
i | | Dry Air | Moist Air |
- % | | —
| 25, | 0.225; 0.30C0 ! 0.439 i 0.324 |
| 40. | 0.400; 0.625 | 0.732 | 0.324 |
| 60. | 1.225; 1.500 | 1.390 | 1.486 |
! 80. ! 1.200; 1.200 } 1.415 | 0.973 |

1 N |

w

The Effect of Water Content on Foaminess of Solutions

Foaminess increases with temperature in some of the solutions
that we have investigated, e.g., polydimethylsiloxane (1000 ¢St) in
mineral oil, polydimethylsiloxane (1000 ¢St) in tmp-heptanocate,
prhenothiazine in tmp-heptancate. An explanation that has been
suggested?® for such an effect is that the presence of water in the
surface film reduces its c¢ohesion, so that 2an increase of
temperature, by driving off water, gives a stronger surface film,
wnich increases the foaminess. We have tested this hypothesis Dby
measuring the foaminess and the surface visceosities of three samples
of mineral oil:
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a. mineral oil as received;
! b. mineral oil containing 500 ppm water;
] ¢. mineral o1l dried by bubbling 150 liters of dry nitrogen gas at
[ a rate of one liter per minute through 200 ml of oil.
I Foam volumes were measured by Test Method 3213. With sanmple
- (b)) we wused <c¢lean, humid air instead of dry nitrogen gas to avoid
% reducing the water content of the ocil. Surface viscosities were
measured with the oscillating-disc viscosimeter, with a flow of dry
y nitrogen gas maintained across the surface. The surface viscosity

. is reported as the slope of the straight line that relates the
amplitude ratio to the swing number.

.4

Table 23 shows the results obtained. We observed no reduction
of the foaminess with the presence of water, ar the hypothesis
postulated; nor did the surface viscosity show a clear trend of
being reduced by water content, at either of the twh» temperatures.

At least for this =<colution, therefore, the hypo>thesis 1is not
confirmed.
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Table 23. Foam Volumes and Surface /iscosities of Mineral 0il Samples
Containing Various Amounts of Water

Mineral 0il + 500 Miieral 0il Dried Mineral 0Oil

i [ Ll 1

I I I I

, | ppm Water ] | i
. — | | |
- r T 1 - ] T !
. | Foam | Surface | Foam | Surface | Foam | Surface |
K | Volume | Viscosity | Volume | Viscosity | Volume | Viscosity |
i | (em3®) | (Slope) | (cm®) | (Slope) | (cm®) | (Slope) |
_ : : i - 1 : 1 |
) i 25°C | 375 | 0.29 | 385 | 0.29 | 300 | C.33 !
- 1 | 1 I <L | J

N I ! L | L | 1 1
. | 40°C | 425 | ——- | 440 | - | 475 | - |
. i 1 1 { ) [ B | 1
i 1 i T 1 i " i

| 50°Cc | >550 | 0.093 | =>550 | 0.097 | >550 | 0.097 !

. L 1 1 ] { 1 1 i
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SECTION XIII

EFFECT OF VESSEL SHAPE ON FOAM FLOODING

1. Introduction

The term foam flooding signifies the carriage of liquid by
means of foam into spaces intended for the passage or reception of
gas or vapor. Of commen occurrence, foam flooding is a problem in
the chemical industries, the food industries, and the pulp and paper
industry. The formation of foam in these applications is nmost
frequently controlled by adding chemical foam inhibitors, such as
silicone polymers, which promote the coalescence of bubbles and
conseguent separation of the gas from the liquid. But this mode of
solving the problem may not be desirabkle, either because ¢f the
expense or because of subsequent harmful effects introduced by the
foam inhibitor. The problem may sometimes be solved by redesigning
the internal geometry of +the vessel in which foam is genserated,
either to provide more space for a head of foam, or, preferably, to
so alter conditicns at key points that foam production is reduced.
Any guiding principle toward this end is wvaluable knowledge.
Recently an attempt to improve standard tests for measuring foam
introduced a concept of foam decay that directs attention to the
possible influence of vessel shape c¢n the build up of foam.

A dynamic foam 1is one that has reached a state of dynamic
equilibrium between rates of formation and decay. A static foam is
one in which the rate of foam formation is zero; the foam once
formed is allowed to collapse without regeneration by further

agitation or input of gas. The typical measurement of a dynamic
foam 1is the volume of foam at equilibrium; the typical measurement
of a static foam 1s the rate of foam collapse. Dynamic-foam

measurement is applicable to evanescent or transient foams, such as
these of the present work; static-foam measurement is applicable to

foams of high stability such as are generated from solutions of
detergents or proteins,

Standard methods of measuring dynamic foam stability, generate
and contain the foam in a cylindrical vessel. Watkins?2? postulated
a model of foam decay that explains why a c¢ylindrical container, or
indeed any container with a cross-~sectional area invariant with

height, may be a poor design for such an instrument. He showed
that the substitution of a conical shape would, at least, avoid the
disadvantage he had pointed out pertaining to the cylinder. The
postulates of Watkins' foam model have not been tested. Such a

test of the hypothesis is of more than academic interest, because
foam problems in industry are almost all associated with cylindrical
vessels; so that exploring the implications of such a shape 1is a
worth-whale undertaking. This 1is especially true when the
conclusion based on the tenets of the hypothesis condemns that shape
completely, as conducive to foam flcoding.

We preszent here an experimental test of Watkins' hypothesis, in
which foam is generated under preci:=1ly the same conditions in both
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cylindrical and «<¢onical vessels. The predictions afforded by the
theory are not corroborated in detail, but two main conclusions of
the utmost practical importance are confirmed, namely, the positive
influence of the shape of the vessel on foam flooding and the
propensity toward flooding of cylindrical vessels in particular.

2. Two Theories of Dynamic Foams

Watkins proved by statistical analysis and exXperimentation that
foam-measuring devices wusing cylindrical containers for foam are
intrinsicaily prone to a lack of reproducibility, casting doubt on
the gquantitative aspects of these methods. By assuming that the
gas loss from a foam is a function of the exposed top area of the
foam and some intrinsic property of the liquid, the following
equations were developed with respect to a vessel of any shape:

Let the surface of the exposed top area of the foam = A;;

The gas injection rate {(ml/minute) = V;

The foam volume (cm3®) = V; .

Watkins assumed that the rate of gas loss from the foam's surface in
ml/minute is directly rroportional to A;, i.e., equal to kA;. In a

dynamic foam at equilibrium, the rate at which gas, on emerging from
the diffuser, is converted into foan equals the rate of loss of gas

out of tre foam at its top surface. Therefore:
V = kA {6]
Equation [6] makes clear the disadvantage of the cylindrical
shape. V and k are constants set before the start of the test, and
if the wvessel is a cylinder then A; 1is also fixed. Three

conditions are then possible:

a. IfV > kA¢, then Vy increases to infinity.

b. I1f V = KkA,, then Vy is constant;

c. IfV < KAy, then Vy reduces to zero,

This analysis points out a fundamental weakness of cylindrical
containers used as part of a foam-measuring device, namely, that
they will give wvalues that are tco high or too low depending on a

fine balance of properties. In some practical instances, wusing a
method!® that requires a cylindrical vessel (AFAPL-TR~75-91,) this
conclusion is supported. We have observed the volume of foam in a

cy/linder, measured at a constant rate of injection of gas, jump
abruptly with concentration of solute from zero to a wvalue beyond
the <capacity of the instrumesnt. That result seems to be in accord
with Watkins' analysis. But it is net always so: Bikerman's
method2®, which requires a cylindrical vessel, has been in use for
several years and, though often unsatisfactory, is not always so.
We must therefore take in-o account that the k in equation (6] may
not remain constant at all .ates of injection of gas.

Equation (6] suggests that the cylindrical device is unsound as
the source of a quantitative measurement of foaminess, baecause of
the inflexibility of the parameters V and Ay. To overcome this
disadvantage, one of the constants has to wvary with Ffoam height.
The area avajlable for foam breakdown, A,, may be increased in a
regular way with foam height by providing a cone-shaped container
for the foam.
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As illustrated in Figure 92, for a 60° cone,

Ay = 1.047 (hy + 1.732 r)z. (7]
where r is the radius at the base of the truncated cone. At
equilibrium:

V = kAg= 1.047 k (h;+ 1.732 r)?2 (8]

Therefore, for a given solution and a fixed gas~injecticn rate the
foam height is constant. Let the rate of gas injection be raised
and the foam height increases, k remaining constant; i/k (cm?2 foam
surface per cm® sec™! of gas flow) eguals the maximum area of
foam/air interface attained by a given solution at a rate of gas

injection of 1 cm3 sec”?!. The value of k is, nevertheless, NOT a
characteristic property of the solution tc be taken as a measure of
its "innate foaminess." As we hare seen such a concept leaves out

of account the properties of the foim itself, which wvary with the
means used to generate it.

If the foregoing analysis :s correct, this theory of the
dynamics of foam cannot be reconcilid with that of Bikerman, who
disregarded the possibility that vessel geometry might affect the
stability of the foam contained - herein. Using a <c¢ylindrical
vessel, Bikerman Dbelieved he had «stablished a characteristic unit
of foaminess of a soluticn, designated ¥ , which equals the average
lifetime of a bubble. But, if Watkins is correct, cylinders of
different cross sectional area woula endow the same solution with
different values of T , and =0 negate its <claim to be a
characteristic property of a solution. Indeed Watkins' postulates,
when applied to a cylindrical container, deny the proportionality of
Vi to V, and so would even deprive the Bikerman method of its mode
of evaluating I as the ratio V; /V. To resolve the question,
Watkins' postulates are best tested by investigating foams in
conical containers rather than by the less direct and less certain
route of measuring the possibly unattainable Z in c¢ylindrical
vessels. The present Section is directed to that end. Its
implications pertain less to the production of an improved foam
meter than to a highly practical question of foam control; for we
have observed that the volume of foam arising from a given amount of
liquid, under fixed conditions of temperature and gas flow, 1is
affected by the shape of the container. A container with vertical
sides lacks an essential feature to facilitate release of the gas
from the foam; whereas if the sides are flared so that the top
surface of the foam expands in area as the volume of foam increases,
the release of gas from the foam is promoted. This deduction from
the theoretical analysis, which we find to be borne out, should have
a significant bearing on the design of distillation and
fractionation towers in the chemical industries, of kettles 1in the
food industries, and of digesters in the pulp and paper industry.
These possibilities depend on wheth2r the assumptions underlying the
theoretical model are wvalid. "he model has hitherto lacked
experimental confirmation, which we now provide.
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E; 3. Design of the Conical Foam-Meter

The conical foam meter was constructed from a large Pyrex
filtering funnel with a bowl at a 60° angle and a top diameter of
150mm (Fisher Scientific Co., Catalog No. 10-373B,) fused to a
cylinder 20 mm in diameter, 55 mm long, which has a fritted glass
- disc of c¢oarse-grade porosity (Lab Glass, Inc., Catalog LG-8675,
e Coarse code -152) attached to its lower end. The function of the
;! fritted glass is to disperse the injected nitrogen into bubbles of
e small diameter (< 1 mm). To the upper part of the funnel is
o connected a glass pipe fitted with a flange, on which a flanged cap
T may be seated. The cap is pierced with two tubular openings, one
- of which 1is for attachment of a gas flowmeter and the other, which
< remains closed during operation of the instrument, is a convenience
P port for inserting additional liguid to maintain the liguid/foam
. interface at the datum level, i.e., the level where the cylinder 1is
attached to the cone. (See Figure 93.)

ot Essential to the instrument are a controlled flow of dry
;; nitrogen gas and a thermostat bath able to maintain a c¢onstant
L temperature to within 0.2°C. The nitrogen, from a cylinder of the
. compressed gas at a regulated pressure, is preheated by passing
~7 through a copper c¢oil inside the thermostat bath before passing
- through the liquid sample. A soap-film flowmeter measures the flow
-7 rates of gas output from the top of the foam. The foam meter is
i@ situated inside the thermostat bath. The flow rate of the gas is
set at approximately 10 ml/minute, to prevent the 1liquid sample,
when added, from leaking downwards through the fritted-glass
3 diffuser. The liquid sample is then added through the convenience
) port up to the predetermined mark. When thermal equilibrium is
R reached, the flow rate 1is regulated and the corresponding foam
/ height noted. The procedure is repeated for various flow rates and
temperatures for each liguid sample under investigation.

4. Tests of Watkins' Postulates

. Our first test of Watkins' theory is to find the relation
between the rate of injection of nitrogen gas and the exposed area
of foam-air interface at equilibrium. These measurements were made
on a white mineral o©il, which as purchased was found to possess
foaminess and so did not require further solute to be added, The
observed relations are reported in Figure 94 for temperatures of
22.5°C, 40.2°C, and 58.0°C. The curves do not pass through the
origin but have a common point of intersection on the y-axis at an
area of interface equal to 3.7 cm?, which is quite reasonable as the
cone in use is truncated where it is connected to the c¢ylindrical
- base: there 1is, therefore, a real area of interface , namely, the
“ liquid surface, even at zero flow of injected gas. The value of
o 3.7 cm? is a little 1larger than the area of the cylinder at its
. junction with the cone, which is 3.14 cm?, but there cannot be any

! doubt that that area is the physical significance of the
ol intersection point shown on Figure 94. The three curves shown 1n
. the diagram are all linear at flow rates less than 14.3 ml/min te.
. At largex flow rates the linearity no longer obtains; but under
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Figure 93. Conical foam-Messuring Device.
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Figure 95. Two Conical Foam Containers showing the
Equitibrium Area of fFoam/Air Interface.
Solute: Span 20 Soivent: Mineral Oil
Concn.: 601.2 ppm Temp, : 22.5°C
Volume flow rate: 20cm*/minute
Linear flow rate: 0,106 cm/second

Same
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Figure 96. Two Conical Ffoam Containers showing the 3ame

Equilibrium Area of Foam/Air Interface.
Solute: Span 20 Solvent: Mineral Oil
Concen,: 601.2 ppm Temp. : - 22.5°C

votume flow rate: 26.4 cm3/minute
Linear flow rate: 0.140 cm/second
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these conditions of increased pressure behind the fritted disc,

"smaller pores that are sealed at lower pressures begin to transmit

gas and so change the size distribution of the pores creating the
foam. A similar series of tests, with similar results, were
undertaken by Gibson and McElroy?’, using various hydrocarbon
lubricating oils as liquid samples.

Another test of Watkins' theory is shown in Figures 95 and 96.
Each of these photographs shows two conical containers of different
angles, B60° and 40°, equipped with similar glass-fritted discs,
¢ontaining the same solution, and turned into foam by the same gas
at the same rate of gas injection. The foam produced reaches 1its
equilibrium volume at the same area of foam-air interface in each
case. Figure 95 shows the comparison made at a relatively low rate
of gas injection; Figure 96 shows the comparison at a higher rate.
Both photographs confirm the prediction based on Watkins'
postulates, inasmuch as the foam reaches dynamic equilibrium when it
attains an area of exposed surface that is the same in each cone.

5. The Effect of Vessel Shape on Volume of Foam Produced

According to Watkins' tleory, e piilibrium conditions of rate of
foam productior eqgual to rate of foann disappearance can be obtained
in a _cylindrical wvessel only for the unique case where V = k&,

where V = rate of gas flow, Ly = area of the exposed top surfac.: of
the foam, and kK is a proportionality constant characteristic o: the
solution and of the foam. If ¥ > k&;, then the column will flood;
ii ¥ < kA;, nc volume of foam occure. In a cone-shaped vessel, in

which A increases with the height of foam in the vessel, an
equilibrium height of foam may be obtained.

The theory suggests a simple principle that may be useful to
control volume of foam produced in any vessel, merely by paying
attention to its shape. The results predicted by the theory were
tested with two sets of containers of different diameter, each set
comprised of a straight cylinder and of a conical container with a
cone angle of 6€0°, The first set (Figure 97) has a tube diameter
of 20mm and the second set (Figure 98) has a tube diameter of 4h mm,.
Both the cylindrical and conical containers of the smaller set were
made from the same glass tubing and have identical sintered disks

sealed inside. With respect to the larger set, the diameter of
46mm corresponds to the specification for AFAPL-TR-75-91,1!? and was
made by sealing a cone to a standard graduated cylinder. The gas

is dispersed by means of a porous ball; and the t-:sts were made with
one vessel at a time, using the same gas disperser.

Comparison measurements were made with a soution of Span 20
(601.2 ppm) in mineral oil, and with a solut:>n of phenothiazine
(3.92% w/w) in cmp-heptanoate. The experiment .l condition:. and

: numerical resilts in terms >f Phase-/  lume Ratio (I'VR) are repoucted
% in Table 24, ar i in a series >f photojraphs, Figu. e: 99 to 102.
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Figure 97. Two Foam Containers of the Same Diameter (20 mm),
with the Same Height of Soluvion (63 mm) in Each,
Fitted with @ Glass Frit of Lhe same Purousity,
A has a 60° Cone Attached; B is a Continuous
Cylinder.
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. Figure 98. Two Foam Containers of the Same iameter (46,2 mm), with
i the Same Height of Solutjon (63 mn) in Each, Equipped
e with the Same Porous Ball to Generate Foam,

157




r 55
El ok ok |

Ay e ¥
s

P
L

E
[ I

fFigure 99,

Comparison of Yolume of ftoam Production in
Conical and in a Cylindrical ltoam Container,
Solute: Sparn 20 Solvent: Mineral 0il
Concn,;  601.2 ppm Temp. 22.9°C

Volume flow rate: 20 cm'/minute

Linear flow rate: 9,11 cm/second
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figure 100,

Comparison of Volume of ‘toam Production
Conical and in a Cylindrical toam Container,
solute: Span 20 Sotvent: Mineral 0Qil
concn,:  601,2 ppm Temp. : 22.5°C
volume flow rate: 100 cm*/minute

Linear flow rate: 0,100 cm/second
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fFigure 101,

Comparison of Volume of Ffoam Production in
Conical and in a Cylindrical Foam Container.
Solute; Phenothiazine Solvent; Tmp-Heptanoate
Concn.: 3.92% (w/w) Temp.: 60°C

Volume flow rate; 187.5 cm®/minute

Linear flow rate; 0.99 cm/second
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Figure 102,

Comparison of Volume of foam Production in
conical and in a Cylindrical toam Container,
Solute: Phenothiazine Sul./ent: Tmp-Heptanoate
Concn,: 3.92% (w/w) Temp. : 6070

volume flow rate: 1000 cm®/minute

LLinear flow rate; 1.00cm/second

101

a3




PRSI T ST SO T IO T T T S S S

Table 24. Experimental Conditions and Volume Ratio Values in
Containers of Various Shapes and Diameters.

{ i L 1
| | Temp | Flow Rate | Volume Ratio |
| Solution F + f — . + —]
| | (°C) | (cm/sec) | Small | Small | Big | Big |
I | | | Cyl. | Cone | Cyl. | Cone |
1 1 | { | 1l i i |
{ I I 1 1 1 T 1
I 601.2 ppm ! | | I | | |
| Span 20 in | 22.5 | 0.10-0.11 | »2.7 | 0.31 | »>2.4 | 3.0 ]
| Mineral 0il | | I i | | |
1 1 ] | ] i 1 i
i 1 1 1 1 { i 1
I 3.927% w/w | | | [ | ! I
| Phenothiazine | 60.0 | 0.99 1,57 ¢4 0.45 | 2.9 | 1.3 |
l in | | | | | l
| Tmp-Heptancaie | | | | | |
L 1 __ 1 1 1 | S |

Table 24 shows that the Volume Ratios are considerably smaller
in the cone-shaped vess:l than in th: cylinder, both in the smaller
and larger di:meter tunes. These -esults follow the prediction of
Watkins' theorw. The value of th: Volume Ratio for the same
solution and identical conditions of temperature and rate of gas
flow also depends on th2 size of the vessels, the larger ones giving
larger volumes of foam. The p-otographs provide convincing
evidence of +the effect of the shapv of the container on the volume
of foam produced.

We have ohserved, with a certain solution, that foam will be
created 1in a narrow tube but not in a wider tube. This is another
effect of vessel shape on foam volume. It may be called a wall
effect, but <that phrase is descriptive without being explanatory.
The effect may be ascribed to the presence of a meniscus, which is
produced when the liquid has a low angle of contact with the wall,
i.e., wets the wall. The curvatures of the meniscus creates a
capillary (or Laplace) pressure that prevents hydrodynamic drainage.
A bubble inside the meniscus is stabilized, since the ligquid

surrounding the bubble cannot drain away. The presence of the
bubble increases the volume of the .neniscus and causes it to extend
farther from the wall. In a cylinder sufficiently narrcw, the

meniscus may, in this way, extend across the diameter of the
cyclinder; and so foster the stability of the bubbles within a
finite wvolume. Inside a wider tube, the reinforcement of the
effect by overlapping of the meniscus from opposite sides of the
tube would not occur, and no build-up of the bubbles into a foam
would be observed,

6. The Effect of Vessel Shape on Foam Flooding during Degassing and
Distillation

We have reported above the effe:t of the shape of the vessel on
the volume of foam produced when gas is bubbled through various
colutions, Under these conditions the volume of foam produced is
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Figure 104, Boiling Solution in a Conicai Vessel, shawing
fFoam Flooding, .
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remarkably reduced in a conical vessel compared to a cylindrical 1

vessel. When r1foam 1is produced during the boiling of a liquid, 1

would the same alteration of the shape of the containing vessel have

the same effect? The answer is of potential significance in the

design ‘of distillation and fractionation towers, kettles, flash

evaporators, degassing units, and digesters. |
]
|
1
|

Standard distillation systems were connected to a cylindrical
vessel (20 mm external diameter, 250 mm height) and to a 60° conical
vessel. The experimen“s were carried out with 10 ml of an agueous
solution containing 500 ppm of detergent, at a reduced pressure of
65 mm of mercury and at temperatures in the range of 45 to 50°C.

observed during which a column of foam 1is produced. In the
cylindrical vessel the foan is push:d by rising vapor to the upper
errl of the column and overflows or "floods;" (see Figure 103)

wh2reas in the conical vessz2l the fo:m does not rise much above the

sur-face of the liquid (see Figure 104.) As boiling continues, a ‘
se~ies of circular liquid films, span:ning the whole cross-sect:on of ‘
th-: cylindric:. column, is >ished by the escaping vapor all the way
to the top of e column, anl floods (see Figure 105.) I the
coiical conta.ner, large siagle buk: les appear, which burst in the
loser part of tae cone, witho ut any fl.ooding (see Figure 106.)

|
Before distillation starts, a short degassing periocd 1is {
|
|
|
|

These resu.ts show that the conc. isiorns of Watkins' theory may
be extended to additional inlustrial :>plications.

jﬁ 7. Variation of Foaminess with Temoesrature-- The Effect of Vessel

K Shape - T

b We have previously reported the variation with temperature of ;
z th:: foaminess of solutions in tmp-h:ptancate and in mineral oil as |
-~ so.vents. We observed that the foam volumes increase with i

temperature in solutions of p:i2nothiazine or N~phenyl-1-
- naphthylamine in tmp-heptanocate, with or without added tricresyl
o phosphate, and in solutions of Span 20 or of polydimethylsiloxane
- (b:th 100 ¢St and 1000 c¢St) in mineral oil. An explanation
. suggested for the solutions of polydimethylsiloxane was based on the
- increase of solubility with temperature, which would more than make

- up for the decrease cf foaminess expected from the lower viscosity
- of the solution at higher temperatures. The same explanation could
- hold for other solutes of low solubility such as phenothiazine, but
- would not apply te solutions such as N-phenyl-l-naphthylamine in
j tmp-heptanocate or to Span 20 in mineral oil, which are completely
- soluble even at the lcwest temperature tested (25°C). Ancther

o attempted explanation was based on the change of water content with
3 ‘ terperature, but that was not ccnfirmed either.

When testing the relation between the rate of injecticn of
»: nitrogen gas and the exposed area of foam/air interface, we ohserved
- that foam volumes in the small c¢onical vessal decreased with
- temperature, contrary to the variation observed in the cylindrical
.- container, wused according to Foam Test 3213, That discrepancy
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indicated that the changes of foam values with temperature are not
entirely an intrinsic property of the solution under test but depend
also on the shape of the foam contaiuer,.

To investigate this inference furthcr we tested several
solutions for foaminess over a range of temper~ture, from 25°C to
80°C, wusing the <conical and cylindrical foam containers of 46 inm
diameter already described ("Big Cylinder and Big Cone.™)

Figure 107 shows the vclume ratios ¢f the foams measurel in the
two containers with a solution in tmp-heptancate of
2% w/w N-phenyl-l-naphthylamine + 29 w/w tricresyl phosphate

Figure 108 shows the results cbserved with a solution in tmp-
heptancate of
2% w/w phenothiazine + 2% w/w tricresyl phosphate.

Both Figure 107 and Figure 108 show a nearly constant and very
low volume ratio <f the fcam in the conical container (0.30 and 0.22
for Figure 107 and Figure 108 respectively,) and, in the cylindrical
container, a large increase of volume ratio of the foam with
temperatire, A maximum volume ratio of the foam occurs between 70
and 80°cC. (Tne exact point 1s unkr.own, since the foam volumes .n
that rarge :re above the measurable limits of the cylindrical
meter. )

The next two diagrams report the results of similar comparative
tests made with polydimethylsiloxane (1000 cSt): a solution of 262
ppm in tmp-~heptancate (Figure 109,) and a sclution of 0.11l1 ppm in
mineral oil (Figure 110.) The results of these tests show a
significant increase in the volume ratios of the feoam with
increasing temperature, even in the conical container, hut certainly

more pronounced in the cylindrical container. This 1increase is
most probably due to the increase of the solubility of
polydimethylsiloxane in these solvents with temperature.

Nevertheless, the volume ratios of +the foams in the cylird:ical
container are much larger than tnose, co¢bkbtained under the same
conditions, in the conical containzr, confirming that vesscl shape
plays a major rcle in determining the quantity of foam produced from
a given solution and the wvariation of that guantity with
temperature,

8. Variation of Foaminess with Temperature and Flow Rate of Gas

If any correlation between foaminess and any other property of
the foamable solution is to be found, a foam test that is influenced
by peculiarities of tae test method must be avoided. We have
evidence to indicate that the results obtained for foaminess of a
solution when measured in a cylinder does not reflect the intrinsic
surface activity of the solution. We have previously reported the
variation with *emperature of the foaminess of o0il solutions in the
range 25~80°C, as measured in ¢ylindrical and in conical containers.
For example, the gas volume ratios, which we use as our measure of
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foaminess, in the wvarious o©0il solutions that we have tested,
increase with temperature to a maximum at about 70°C and then
decline with further increase of temperature. Are these
temperature erffects on the foaminess real, or are they a function of
the method of measuring foam ? That behavior, if shown to be an
intrinsic property of the solution tested, is highly significant and
warrants further investigation and a search for correlations with
.. surface activity as a function of temperature. To find out if the
P behavior observed is affected by adventitious factors such as the

arbitrary parameters of the test method, we compared a number of the

conditions that are normally held c¢onstant in the standard Test

Method 3213, namely, the rate of gas flow, the shape of the foam

. container, and the temperature. We report the results of tests

- with a solution of phenothiazine, ¢.20% w/w, in tmp-heptancate, at
different temperatures, different flow rates, and in containers of
two different shapes.

Figures 111 and 112 show the gas-volume ratios as a function of
volumetric flow rate 1in the <c¢ylindrical and 3in the conical
. containers, respectively. Figure 111 shows that the foaminess 1in
k the <c¢ylinder decreases continuously with temperature, in the range

of flow rates up to 280 ml/minute. At higher flow rates the

functional dependence of foaminess upon temperature may appear to be

quite different, depending on what flow rate 1is wused for the
C comparisons. Thus Figure 113 shows how the variation of foaminess
N with temperature would appear for the flow rates of 250, 600, and
i 1000 ml/minute, if these rates were used with the Test Method.

A similar result is obtained on =substituting the conical foam
container for the c¢ylindrical one, although, as reported earlier,
the foam volumes in the cone are much 1less than in the cylinder

under the same conditions. With the conical container, the
foaminess decreases with temperature up to a flow rate of 500
ml/minute, and at higher rates begins to increase. These higher

rates of gas flow, both in the cylinder and the cone, are believed
to introduce turbulent flow in the volume of foam, and so affect its
stability in a different way.

Figure 114 compares the wvariation of gas-volume ratic with
temperature in the two types cf foam container, at a fixed rate of
flow of 1000 ml/minute. The results closely resemble those
previously reported (Figures 107 and 108) for solutions in tmp-
heptanoate of N-phenyl-l-naphthylaminz=(2% w/w) + tricresyl phosphate
(2% w/w) and of phenothiazine (2% w/w) + tricresyl phosphate (2}
wW/W.)

The conclusion reached from these results is that changes of
foaminess with temperature vary with the container geometry of the
foam-meter, and with the flow rate selected for the prosecution of
the test; and so cannct be relied on as genuine reflections of
whatever changes in the surface activity of the solution may occur
with temperature. Another conclusicon drawn from these experiments
is that the linear relation between foam volume and rate of gas flow
i found by Bikerman for some aqueous solutions is not observed in the
: 50" 1tions of the present study.
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The propensity of a solution to form foam may be tested by

measuring the lifetime of single bubbles; and that test 1is less
influenced by extraneous factors introduced by the bubbling-type
methods. Deryagin and Gutop??® have shown that the use of a life of

a single bubble as the measure of film stability is justified; and
Gleim et al.??® have found that the behavior of a single bubble is a
sufficient characteristic of films in a foam. We have already
found a significant correlation between single-bubble lifetimes and
dynamic surface tensions (see Secticn IX.2,) which was not brought

out as clearly by means of the standard foam-stability method.

9. The Effect of Vessel Shape

Although the conical foam meter prevents flooding, except when
the volume of foam produced exceeds the dimensions of the cone

provided, Watkins' prime equaticn ({6], does not include any
reference to & parameter relating t¢ the characteristic foaminess of
the solution, such a&as tie I :ntroduced by Bikerman.?® Th:s
gquantity, however, may re:dily be introduced. The volume of foum

created 1n a dynamic arparatus is de cermined by the volumetric rate
of gas injection and limited by the ijuration of the foam:

z
Vi = jﬁV ct =VE (9]
0
Taking into account the gecmetry of a 60° cone, truncated at a
distance h f{:om its apex ky a norma. cross-section of area A,, and
containirg a volume of foam, Ve rontained between the two normal
cross-section: A, and Ay, we get:
Ve = (1//30 ) Ay3 2 - (hoAe/3) (10]

Eliminating V; between equations [9] and [10], gives

Ag3'2 = mV + ¢ (11]
where m =Z/3II and ¢ = holoy/ /3

Equation [11] has not been suggested before: it only remains to put
it to the test of experiment.

The data reported in Figure 94 are for the areas Ay of foam/air
interface at dynamic equilibrium for wvarious rates of gas injection

in a conical foam meter at t iree different temperatures.
Replotting the same data according zo equation [11l] above gives the
results shown in Figure 115. The 3solution to which these data

refer 1is a refined mineral oil, which as purchased was found to
possess foaminess and so did no%t reciire to have any solute added to
it. From the initial linear porticn of the curves, the foaminess
of the sclution can be expressed in -erms of the characteristic unit
2 , which has the physical meaning c¢: the duration of the gas within
the foam frorm its initiation at the lower part of the column to its
release at the top surface -f the fcum. In Table 25 are 1eported
the results obtained by the application of equation [11] to the
replotted data shown in Figuire 115.
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Table 25. Foaminess of a Refined White Mineral 0Oil
femp. )3 Intercept
°c seconds cm3
22.5 104 5.0
40,2 38 6.0
58.0 22 6.0
5.6 (thecr. for ry=1.0 cm)

The data reported in Figure 112 are for the foam-volume
of a solution

various flow rates of gas input

measured 1in a conical foam meter. These
according to equation

V, ml/minute; and are dlsplayed in Figures 116, 117,
initial portion of the

line from which the c¢haracteristic unit

ratios
of phenothiazine (4.20 % w/w) in tmp-heptancate at
and at wvarious temperatures,

data are replotted
(11] as A;3'% versus volume flow-rate of gas,

and 118. The
data at each temperature gives a straight

of foaminess I can ke

derived. The results are given in Table 26.
Table 26. Foaminess of Phenothiazine (4.2% w/w) in Tmp-heptanoate

Temp. I Y /u in-ercept

¢ se:onds  sac?/m” _cm3

30.2 7 92 40 76

40.2 6.48 46 76

49.9 6,84 66 76

60.3 5.22 70 83

70.1 5.64 99 7€

79.7 4,56 95 7t

6t .6 (theor. for ry=2.31 cm)
* Foam stability X divided by kinem: tic viscosity u

According to an analysis of dyni:mic foams by D'yakonov3?®,

.initial linear portion of foam curves, such as those shown in
Figures 115 to 118, corresponds to low values of the Reynolds number

and is characterized by a linear relation between the volume of the

focam created and the rate of gas injection. The Reynolds number,
Re, isgiven by:

the

Re = vd/u (12

Where v is the linear flow rate of gas in m/sec;
of the vessel 1in meters; P is the kinematic viscosity in m?/sec.
Egquation [11] is valid for this regicn, where the volume of foam
created 1s independent of the Reynolds number. At greater flow
rates of injected gas, the foam creat=sd is no longer independent of
Reynolds number, and the stability of the foam now depends on the
kinematic conditions of the foaming process. These conclusions are
illustrated by D'yakonov for a cylincrical foam container; the data

reported here for a conical foam container alsc correspond to the
terms of ris analysis.

d is the diameter
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A comparison of our results for the same solution and the same
kinematic conditions applied to <the cylindrical and conical foam
meters, using the appropriate equations for each, shows that the
portion of the relation between Zoam volume and gas flow that is
independent of the Reynolds number is more extended in the cone than
in the ¢tylinder. For practical purposes that fact establishes the
superiority of the conical form of foam meter to determine the
innate foaminess of a solution, whici is the nearest approximation
yet devised to the ideal "unit of foaminess," as characteristic of a
liquid as its density, viscosity, etc.

The variation of the foaminess with temperature is depicted
in Figure 119 for the mineral-oil solution and in Figure 120 for the
solution of ph-onothiazine 1n tmp-heptanoate. These stabilities

decrease at nigher temperatures, lut a factor in this decrease of
foaminess is the concomitant decrease of the bulk viscosity of the
solution.

In conclusion, therefore, we ha' 2 distinguished several factors
that go to rake up the dynamic :oaminess and its variation with
temperature as measured by Test Methcd 3213. These are:

a. Compressioral/dilational or kineratic surface tension of the
sclution, rather than ite static surface tension;

b. Kinematic viscosity of the solut:i sn;

c. Geometric shape of the ccntainer;

d. Flow regime of the injectad gas.

Factor a. is measured by the comp: :ssion-dilatation cycles of our
surface tensi-meter. Factor b. 15 measured by conventional

instruments, such as the Ostwald wviscosimeter. Factor c¢. was
investigated by means of our cylindri:al and conical foam meters.
Factor d. is a variable that we hase studied (see Figures 111 and
112.) Isolating the effects of these variables requires
correlative results on the same solutions measured by the wvarious
instruments listed above.

10. Normalizing Foam Stabilities for Changes of Viscosity

The effect of normalizing for <changes of viscosity was
determined for the family of cur-’es obtained with a solution of
phencthiazine (4.2 % w/w) in tmp-heptanocate, previously reported in
Figure 111. These data were extend2d by measuring foam volumes at
additional temperatures. Figure 121 shows that the value of the
ratio of foam volume to kinematic ~viscosity is now independent of
temperature for flow rates up to 280 ml/minute. At higher flow
rates the ratio 1s temperature d=pendent, which may be more the
result of a change in the flow regime than of a change in the
surface activity of the solution.
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SECTION XIV

RETARDATION OF THE ASCENT OF GAS BUBBLES
BY SURFACE-ACTIVE SOLUTES IN NON-AQUEQUS SOLUTIONS

1. Introduction

Many interfacial phenomena, such as emulsification, dispersion,
foaming, and wetting, are active chiefly under dynamic or non-
equilibrium conditions. The stability of a single bubble produced
from various solutions and the velocity of rise of a single bubble
in these solutions are both related in different ways to dynamic

e AL B A A A S W o Aeeas ek e A

- properties of the interface. Several studies of these phenomena
L have been reported pertaining to agqueocus solutions of surface-active
A solutes, but few of non-agqueous systems. Water 1is an atypical

solvent, however, and offers special difficulties of inadvertent
contamination: one part of a surface-:ctive solute in ten million
rarts of watz2.- stabilizes a single bubbls and retards its rate of
rise through th:- solution. Non~-agqueocus solvents are much less
susceptible to these effects on contamination and besides are worth

study on their own account and for comparison with what is known of
the behavior of agueous cystems.

The rate of rise of single air bubbles in a solution and ihe
ctability of a ‘'ingle air bubble on the surface of a solution are
both determinec«. by the tehavior of newly formed interfaces that are
subject to forces of dilatation and compression. In a pure liqgquid,
a rising bubble moves faster than predicted by Stokes' law, since
mobility of its 1interface allows lower velocity gradients in the
liquid than tho=e that develop at an immobile, or solid, interface.
When surface-active solute 1is adsorbed at the interface, however,
the circulation at the surface and inside the bubble is restricted;
the velocity ¢gradients at the interface are increased; until at the
limit the surface of the bubhle acquires the properties of a rigid
sphere, and its rate of rise is reduced to that given by Stokes'
law. The stability of a single bubble also depends on the presence
of an adsorbed solute at an interface that is subject to forces of
dilatation and compression. Comparing these two effects in the
came series of solutions, reveals similarities of behavior, that can
be described or explained by the theory of bubble rise as given by
Levich 3!; and by rather similar considerations to explain bubble

i o —h s R i TR o M % o § B

stability. Thus we have an hypothesis that of itself and without
adjustment for the purpose gives us the rule and reason of a class
of facts not contemplated when it was first framed. That 1s one

criterion of a good hypothesis,

2. Theories of Rate of Bubble Rise in Viscous Media

a. Rise in Pure Liquids: Stokes' theory for the terminal velocity
of solid spheres in a viscous medium was extended by Rybczynski 3%
and Hadamard 23 to fluid spheres. For a liquid drop or a gas
bubble of radius r, density p;, and viszosity 7, , moving through an 2
infinite volume of a medium of c¢:nsityp,, and viscosityn,, the i
terminal velocity is given by:
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(2 (e-ra)gr?
V. - K(s m,

{13 ]
where K, the Rybczynski-Hadamard correction factor, has the value:
K - 3m + 20, (14]
3 + 3,
The derivation of eguation [14] postulates that the medium

exerts a viscous drag on the surface of the bubble or liquid drop,
and so sets up a circulation of the fluid contained inside, whether

gas or liquid. According to the equation, bubbles containing a
circulating gas, with M <<7, , would move fifty percent faster
(K = 2/3) than those 1in which the gas, for any reason, does not

circulate; for in the latter «case the Rybczynski-Hadamard factor
does not anply, and the wvelocity of the fluid sphere is given by the
unmodizied form of Stokes' law.

Garner 3% 3% demonstrated experimentally the existence of the
circulation 1nside air bubbles and examined the effects of bubble
~ize and shapc. He showed that the validity of the above equations
15 limited to the range of Reynolds' number, Re, less than one
IRe < 1}, and to conditions where Stokes' law would hold, including
the requirment that the gas bubbles be spheres.

provide a  saticfactery explanation of the retardation of the
rtelocity of a rising bubble caused by surface-active solutes in the
redium. He postulated that adsorbed solute is not wuniformly
distributed on the surface of a moving bubble, The surface
concentraticn on the upstream part of the bubble is less than the
equilibrium concentration, while that on the downstream part is
¢reater than equlibrium. This disequilibration of the
concentrations 1s brought about by the viscous drag of the medium
acting on the interface, which in tur:i creates a disequilibrium of
interfacial tensions, with the lower tension where the concentration
of adsorbate is greater. The liquid interface then flows from the
region of lower tension to that of higher tension, and the direction
of this flow offsets the flow induced by the viscous drag of the
medium acting on the interface. The internal c¢irculation of fluid
is thereby inhibited to a greater or lesser degree; if completely

inhibited, the terminal velocity of rise is reduced to that given by
Stokes' law.

b Effect of Surface-active Solutes: Levich was the fiTrst to

Another mechanism was introduced by Rokinson 3% for the effect
of surface-active solutes on the terminal velocity of bubble ascent

in a viscous medium. He related the observed retardation to the
presence of an immobilized layer of the medium accompanying the
bubble during its rise and so changing its effective density. He
assumed that Stokes' law still applied, K = 1, and used 1t to
calculate the effective density of the bubble from its measured rate
vf rise. The eftective density was translated into terms of the
thickness of the accompanying shell of the medium that accompanies
the bubble. ‘Inlike the Levich theory, in which the least velocity
¢f rise 1s given by the Stokes value (with. K = 1 for the mnore
188
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concrent rated solutions,) and the areatest velocity of rise 1s given
g by 1.5 times the Stukes value (with K = 2/3 for the more dilute
solutions, ) tobinson's theory predicts that the wupper limit of
velocity is given by the Stokes value, while the lower wvelocity 1is
L not limited to any theoretical value but 1s determined by the
- presence of an adherent immobilized layer and 1its dincrease of
- thickness with concentration of solute.

2 3.  LEsperimencal

- a. Apparatus and Procedure for Measuring Rate of Bubble Rise:

- By means of an extended syringe, single bubbles of air were released

- at. a capillary orifice into oil contained in a graduated cylinder,

- 7C cm high and 26 mm internal diameter. The volume of air in each

I bubble was reasured befeore 1its release, while the air was still

- centained inside a capillary tube of known diameter (0.397 mm,) by

y measuring the length of the air slug with a cathetometer, with a
precision of 4 0.01 mm. The diameter of the Dbubble 1is obtained
fromn this measured volume, and the Stokes' velocity of rise
calculated by use of equation [12], with K put egual to unity. The

actual rate of rise of each released bubble was measured with stop
watches (1 0.1 seconds) at three different points along its upward
path inside the cylinder. The measured velocities are corrected
for the effest of the presence of the confining walls of the
cylinder by the Ladenburg equation: 33 37

Ve = Vg (1+42.1 4/D) {15]
) where V. = corrected rate of rise;
! Vm = measured rate of rise;
- d = pubble diameter;
o D = diameter of cylinder.
& For bubblies of an average diameter of 1.1 mm, rising in a tube of Z6
D mm diameter, this equation gives a correction of 8.97. For each

- bubble, the observed Rybczynski-Hadamard correction factor was
b obtained from the relation:

= K = V¢ /Vs { 16
:: All measurements were made at 21 = 1°C.
p. b. Measurcment of the Stability of a Single Bubble: The method of
-j measurement has Leen described above, see Section IX.1.
~
e c. licasurement of Physical Properties: Densities of soluticns in
[ the range of temperature 18°C to 27°C were measured with a
3 pycnomater (capacity 27.7 ml) placed in a water thermostat bath with
B: temperature control x0.1°C. Viscosities of solutions in the same
- temperature range and temperature control were measured with an
Ostwald viscosimeter. Surface viscosities were measured with a
torsional-pendulum viscosimeter, for which see Figure 49. The
semi-logarithmic decrement of its oscillations was determin=>d with
. and without so>lute, at 2510,1°C, with dry nitrogen gas flowing
D «Crosg the surface to prevent sorption of water vapor. Kach
- solution waz stirred for at least fifteen minutes and then alloved
~ to tremain  at rest for thirty minutes before each meacurocment.,

Measurenents were repeasted after one: hour and again after two nours.
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4d. Materials:

White mineral oil -- lubricant laxative grade;

Trimethylolpropane heptanoate (Base Stock 704), practical grade --
Stauffer Chemical Co.

Sorbitan monolaurate (Span 20) -- ICI Americas Inc.

Polydimethylsiloxane, 1000 centiStokes -- General Electric Co.
N-phenyl-1l-naphthylamine -- Eastman Kodak, No.351

4, Results

In Table Z7 are reported the experimental conditions, physical
properties of the solutions measured, and the range of Reynolds
nurbers (R = ur/u,) and of Bond number B = pr?g/¢ ,) which are
used as criteria of the spherical shape (B < 0.1) and of the
transition from fluid to solid behavior (B > 1 is fluid; B < 1 is
solid) 37. 38 39 The Reynolds numbers show that the systems were
in the regim2 of viscous flow required for the valid application of
Stckes' law. The spherical shape was verified experimentally by
phctographing the rising bubble in the same focal plane as a steel
ball-bearing (diameter 1.46mm.) Figure 122 shows a bubble perfectly
spherical 1in one of these photographs. The same resu.t was
obtained in all the soliutions measured, with air bubbles of diameter

d = £1.3mm. The slug of air from which a bubble is formed is also
visible in Fijure 122.

The wvel»scity of ascent of pur
of solutions:

Sorbitan mono:aurate (5pan 20) in white mineral oil;
Polydimethylsiloxane in white mineral o0il;
Polydimet-hylsiloxane in tmp-heptancate.
N-phenyl-l-naphthylamine in tmp-heptanoate.

les was measured i1in four gseries

The results of a few tests to :ind the change of velocity with
height in the column are reported :n Table 28. The lengths o©f the
air slugs, giv—en in column e, are used to calculate diameters of the
bubbles formed from them (cclumn f,) taking inte account the
meniscus volumes. The velocity of each ascending bubble (coiumn j)
was measured at each of three sections of 20.0 cm length along the
column, namel, 10 to 30 cm, 25 to 45 cm, and 40 to 60 cm from the

orifice. The measured velocities were corrected for wall effects
according to c¢quation [15] and are report:d in column k.

Tab.e 28 shows:

In the m:neral-oil solvent the value of K obtained is 1.53,
which 15 wlthin the experimental error of the theoretical value of
K = 1.50; thi:. finding and the invariability <f the wvelocity of
ascent with heignht indicate that *the solvent is free of surface-
active contaminants.

In the solutions of highest concentrations of Span 20 and of
polydimethylsiloxane, the measured velosities of ascent of bubbles
are equal to the 35tokes' velocities (K = 1) and no variation with

height is olserved, which indicates that adscrption at the bubb'e
surface takes place rapidly.
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figure 122, Photograph of a Bubble and 4 Steel Ball Bearing.
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At intermediate concentrations of solute in mineral <¢il, the
velocity of ascent of a bhubble becomes significantly less as the
bubble rises. This effect is not caused by adsorption of solute
continuing to occur during the ascent. The rate of adsorption at a
freshly created surface of these solutions is so slow that in the
forty or so seconds during which the bubble rises through the column
the surface tension does not depart from that of the solvent. The
growth of the retardation of the rate of ascent of the bubble during
its ascent is therefore to be ascribed to the time required for the
dynamic equilibrium between wviscous drag and Marangoni flow to be
established at the bubble surface. Ideally for this situation the
column provided would have to be of sufficient length so that the
velocity of ascent reaches a constant value in the upper stretches
of the column; lacking that, we take for future use the lowest
measured velocity (in the highest part of the c¢olumn.) The
significance of the data reported 1is to identify the range of
concentration at which the trancsition oc¢curs 1in each solution,
rather than to provide accurate values of K 1in the transitional
range.

The values of the Rubczynski-Hadamard correction factor, K, are
averaged for at least five repeated measurements for each solution.
The deperdence of the value of K on concentration of solute is
reported in Figures 123, 124, and 125, In Figure 123, K is
reported: (A) for solutions of polydimethylsiloxane (1000 <c¢St) in
mineral o0il in the range of concentrations 0.1 to 60 ppm; and (B)
for for solutions of Span 20 in mineral oil in the range of
concentrations of 50 to 7200 ppm, In Figure 124A, K is reported
for solutions of polydimethylsiloxane (1000 ¢St) in tmp-heptancate
in the range of concentrations of 0.1 to 30 ppm; and in (B) the
stability of single bubbles in these solutions for the same range of
concentrations at the same temperature. Figure 125A reports the
values of K for solutions of N-phenyl-l-naphthylamine in tmp-
heptanocate in the range of concentrations 0.01 to 5% (w/w); and 1in
(B) the stability of single bubbles in these solutions for the same
range of concentrations at the same -emperature.

In Figure 126 are reported the measurements of surface
viscosity of two solutions of Span 20 in mineral oil, concentrations
of ©9.9 ppm and 5010 ppm (A;) and of two solutions of
polydimethylsiloxane in tmp-~heptanoate, concentrations of 0.31 ppm
and 29.3 ppm (B.) In the diagram, the damping of the oscillation
of the disc in the surface, expressed as the ratio of the lengths of
the first to the nth amplitude, is plotted versus the swing number.
Figure 126 shows that the surface shear-viscosities of the two
solutions in each solvent are the same; and indeed do not differ
from that of the solvent alone in each system.

5. Discussion

Figures 123, 124, and 125 show that the ratio of the observed
velocity of ascent of a bubble to the calculated Stokes' wvelocity
varies between the limits 0.99 < K < 1.52 for the solutions in
mineral oil, and the limits 0.95 < K < 1.47 for the solutions in
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Figure 126. Semi-logarithmic DOecrement of Amptitudes of
Torsional-Pendulum Surface Viscosimeter.
(A) Minpvral oil Solutions of Span 20 at
Concentrations of 70 ppm and 5010 ppm at 22°C,
{(8) Tmp~Hep tanoste Solutions of
Polydimethyl|siloxane (1000 cSt) at
Concentrations of 0.31 ppm and 29.3 ppm at 26°C,
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tmp-heptanoate. The value of K = 1.52 obtained for the mineral oil
and 1.47 for the tmp-heptancate demonstrates the absence of any
surface-active contaminant therein. No significance is attached to
the difference of 0.05 units from the theoretical value at the lower
limit, K = 1.00, as fluctuations of that magnitude al that limit are
within the experimental error. Figure 124 also shows that the
range in which K is concentration dependent is 0.1 ppm < ¢ < 20 ppm
for solutions of polydimethylsiloxane both in mineral oil and in
tmp-heptanoate. For solutions of Span 20 in mineral oil, the
lowest concent-ation for any measurable variation in the value of K
is 500 tim=. greater; but the range of concentration through which
the variatior. «f K takes place is narrower, i.e., 50 ppm < ¢ < 500
ppm. The colute N-phenyl-l-naphthylamine in tmp-heptanocate
requires still greater concentration before its effect is found,
showing that it is only slightly surface active in this solvent.

Adsorption eguilibrium was certainly not attained in the
various solutions that wzre tested. Equilibration 1is rapid at
higher concentrations, but is slow with the more dilute solutions.
The adsorbed layer of solute is very dilute in these 0il solutions.
Although the equilibrium surface tension is less than that of the
solvent, the time reguired for these solutions to reach equilibrium
is several hours; therefore, the rise of the bubble and the lifetime
of the single bubble zt the surface are phenomena toc fleeting to be
referred to equilibrium surface concentrations of solute. Luring
the whole time period of their existence the surface tension of the
solutior 1is not altered from that of the sclvent; nevertheless the
interpretation of the phenomena displayed by the bubble argues that
traces of positively adsorbed sclute are indeed present; enough,
when sukjected to a force of compression, to establish the local
difference of surface tension that is the kasis of Marangoni flow
and of the retardation of the rate >f bubble rise.

Various theories and criteria for this process have been put
forth by different authors. Bond's criterion for the transition
from fluid to solid behavior, namely B > 1 for fluids, B < 1 for
solids, was not confirmed in these studies. Values of X of 1.5,
indicating fluid behavior, were found at B = 0.055, as for example
with small bubbles of d = 0.9 mm in mineral oil at 21°C. The
criterion fcor spherical shape, namely B < 0.1, was also not
confirmed; Llubbles wup to the largest value of d = 1.3 mm, were all
found to be rerfect spheres. ;

In these studies, measurements of surface shear-viscosity did
not reveal any evidence for higher viscosity in any of the sclutions
studied; therefore, no positive evidence is adduced to favor the

supposition that a plastic skin accounts for the rigidity of the
bubble surface.

The 1inhibition of circulation at the surface and insicie the
bubble is accepted as the explanation of the remarkable retaraation
of the ascending wvelocity of the bubble. Okazaki et al.*? found
that a conce.tratlon of scdium dodecyl sulfate (SDS) 1in water as low
as 107° molar will retard the rate of as:-ent of a bubble in that
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solution, and also confers stability to a single bubble at its
surface, even though the static properties of the liquid, i.e., the
density, the bulk compressibility, the viscosity, and the surface
tension, all remain unchanged from those of pure water. The
dynamic surface tension, 1i.e., the time dependence of the surface
tension, is also absent in 105 molar SDS in water; and no
measurable increase of the shear viscosity of the surface of a
solution so dilute was observed.

Our oil solutions behave in many respects as do these wvery
dilute aqueous solutions of SDS in water at concentrations cf 1078

to 10°% molar, investigated by Okazaki et al. In our systems as in
theirs, what would appear to be static and dynamic properties of the
I solution pertinent to surface activity show no change from thos< of

the solvent, vet both the rate of rise and the stability of a single
bubble are greatly affected by the presence of the solute.

[ Robinson 3¢ ignores the Rubczynski-Hadamard correction and
i assumes the Stokes' velocity for bubbles at all concentration: of

. solute. His theorv 1is therefore unable to explain our finding
i velocities larger than Stokes' wvelocity; nevertheless it would
g account for observed velocities less than the Stokes' velocity,

although we observed ncne such.

6. PRate of Ascent of & Bupble in Solutions of Aercsol OT in Tmp-
Heptanoate

The rate of bubble rise was measured in a solution of 1.949 w/w
Aerosol OT in tmp-heptanoate at room temperature (23°C.) The
retardation of the velocity of rise was much less than expected,
considering the high concentration of solute (see Table 29 below.)
The reason may be a slow rate of adsorption, or it may be a low
surface activity of this solute in oil. Only further experiments
can determine which of these alternatives is more likely.
Something more could be done with the present experiments, however,
N bearing on tlis question, Bubbles may be released from the

capillary tip immediately after being formed; or they may be
- retained for a time at the tip, to allow more adsorption to occur.
" To test the hypothesis of slow adsorption at <the liquid-gas
. interface, bubbles were kept at the tip for some additional minutes
. before disconnection. The average values of K (ratio of measured
- velocity to Stokes-law velocity) are presented in Table 29.
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Table 29. Values of K in a Solution* of Aerosal OT (1.94% w/w) 1in
Tmp-Heptannate at 23°C.

After immediate release After 5 minutes After 15 minutes
- 1.30 1.26 1.22

The results reported in Table 29 show an increased retardation
of bubble rise velccity with increasing time of retention at the tip
before release, thus lending weight to the hypothesis of a slow rate
of adsorption of solute at the ligquid-gas interface, The variation
of K with time is small, perhaps because the bubbles are located in

an unstirred liquid in which mass transfer occurs by a slow prozess
of diffusion.

These experiments allow a comparison to be drawn between
foaminess and dynamic surface tension as expressed indirectly by the
bubbl_:-rise measurements. In the previous results, pertaining to
solutions of polydimethylsiloxane in tmp-heptancate and to solut-ons
of Span 20 1in mineral oil, the rate of bubble rise is completely
retarded to th=2 Stokes-law value at concentratvions of solute sevaral
orders of magn tude less than for the Aerosol OT solutions; and at
these low concentrations there 1is no measurable foaminess. The
solutions of Aerosol OT in tmp-heptancate, on the other hand, do
show a s%rong tendency to foam, along witan a small, but detectai.le,
effect of adsorbed solute on the rate of bubb.e rise,. cur se:irch
for a correlation between the rate of oubble rise in a solut:on,
which ret . ects somewhat indirectly the play o: dynamic tensions on
the curface of a single bubble, and the measurement of foaminess of
the solut:on by standard test methods, has not been successful. In
some solutions the retardation of the rate of bubble ascent is fully
developed without the development of the apility to foam; and in
other cases the retardation has barely begun at a concentration
where the foaming ability is fully developed. We see the need hLere
for a more extended range and better control of the measurement of
the dynamic surface tension, which our new apparatus now provides;
and equally the need for a test of foaminess that is less subject to
idiosyncrasies of the test methcd, for which we propcse the
measurement of the lifetime of single bubbles, see Section IX.

7. Foaminess and Rate of Ascent of a Bubble in Solutions of Span 20
in Tmp-Heptanoate

We wished to find out if properties like those observed for
solutions of Aerosol OT in tmp-heptancate occur with another
amphipathic solute, for which purpose we selected Span 20,
Foaminess (by Test Method 3213) and rates of ascent of a bubble were
measured with solutions of Span 20 ir tmp-heptanocate in the range of

The solution used might be slightly contaminated as it had bLeen
used previously for foam testing. Measurements c¢f bubble rise
velocities with new solution, immediate release, gave K = 1.40
compared with K = 1.47 for the solwvent.

v
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concentrations 0.52 to 2.11 % (w/w). No foaminess in the range of
temperatures 24.6 to 80.1°C, and no significant retardation of the
rate of bubble ascent at room temperature were observed. Two
comparisons are worth notice: Span 20 reduces the rate of ascent of
bubbles when dissolved in mineral oil (a hydrocarbon) but nect when
dissolved 1in tmp-heptancate, i.e., it 1is surface active in a
hydrocarbon solvent but not in an ester solvent; and the lack of
surface activity of Span 20 in tmp-heptancate correlates with the
lack of foaminess of that solution, whereas the lack of surface
activity of Aerosol OT in tmp-heptanocate does not entail a
nonfoaming solution. We have investigated the electrical
properties of these two solutes in tmp-heptancate, to dizcover
whether electrical charge is, as we suspect, the operating meclranism
that stabilizes foam in the Aerosol OT solutions; and found evidence
that indeed it is so (see Section XI.3, Table 18.)

It follows that positive evidence oI some surface activity 1is
not by itself a necessary condition for the production of foam. We
see the need here for a direct measurement of the surface elasticity
of a soluticn, to discover what degree of elasticity is reqguired to
prcduce a foem under specified conditions of a foam test, such as
Method 3213, which is known to correlate with the problem as it

occurs in ai:craft engines.

8. ({orrelations between Bubble Stability, Retardation of Ghubbie
Rise, and Foaminess

The stability of single bubbles in solutions of
polydimethylsiloxane (1000 cSt) and of N-phenyl-l-naphthylamine in
tmp-heptanocate were determined, to find if surface activities as
indicated by that property and by retardation of the rate of bhubble
rise, can be correlated. The procedure for measuring single-bubble
stability 1s described 1in Section 1X.1. Figures 124 and 125
compare the concentration dependence of K (the ratio of the cbserved
rate of rise to that derived from Stokes' law) and the single-bubble
lifetime £for polydimethyleiloxane (1000 <¢St) and N-phenyl-1-~
naphthylamine solutions respectively. (The solutions in mineral
0il were no longer available for the measurement of bubble
stability.) Both diagrams show an interesting relation between the
two phcenomena: the stability of the bubble increases in the same
range of concentration as the occurrence of the retardation of the
rate of rise. The stability of the bubble reaches a maximum and
declines to :ero at the same concentration at which the retardation
of the rate is reduced to that of a rigid sphere. The maxirmum of
single~bubble stability occurs at K = 1.3 and the zero stability
occurs at K = 1.0: neither the prrfectly fluid interface (K = 1.Y5)
nor the completely rigid interface (K = 1.0) appear to have the
requisite elasticity to stabilize a bubble.

The results of foaminess, as measured by Test Method 3213 are
also reported in Figures 124 and 125, and show that no necessa:ry
correlation exists between the stability of a single bubble and tae
stability of a foam as measured by this Methliod.
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As shown in Figures 124 and 125 the stability of single bubbles
at the surface of these o0il solutions becomes perceptible and
gradually increases at the same concentrations of solute at which
the retardation of the rate of ascent of the bubble likewise becomes
perceptible and gradually increases. A common underlying cause 1s
strongly indicated. The excess surface concentration of solute
must be small, too small to reduce the surface tension, yet encugh
to be swept up by the action of liquid flow around the rising bukble
and compressed at its lower surface. These conseguences follow:
the local difference of surface tension around the bubble stimulates
a Marangoni flow in the direction opprosite toc that of the flow of
liquid attendant on its ascent; this counterflow in its turn retards
the wvelecity with which the bubble is rising. A similar action
occurs within the lamella of a stabilized bubble: the lamella flows
from a convex region to a concave region of the bubble surface,
carrying the two surfaces along with it. In such a movement there
may be both a dilatational increase of surface tension near the apex
of the bubble and a c¢ompressional reduction of surface tension
arcund its base; or either type of change may occur without the
other. The more concentrated adsorbed solute thus produced in the
Plateau borders creates a spreading pressure, which in turn sets up
a counterflow and so¢ retards draining and thinning of the lamelld.
This resicstarnce to flow in the lamella is equivalent in effect to a
surface viscosity that 1s brought into action by the compression of
~he adsorbed film: it should therefcre be termed '"compressioanal
surface viscosity." It is similar in its effect to the
"dilatational surface viscosity" of Lucassen and van den Tempel?! on
surfaces of aqueous solutions of surface-active solutes, which has
1ts source (of course, only at much higher concentrations) in the

~ncrease of surface tension on dilatation of a surface; the
compressional surface viscosity arises from the reduction of surface
tension on contraction of a surface. Extremely dilute aqueous

solutions of surface-active solutes, where the lowering of the
static surface tension is undetectable, cannot manifest dilatational
surface viscosity, but if the adsorbed film is sufficiently
compressed may develop a non-equilibrium reduction of the surface
tension.

To obtain a more complete picture of the various possible
correlations, Figures 127, 128, and 129 show a comparison between
the K values of the ratios of bubble-rise rates and foaminess
measured by Test Method 3213 as expressed by gas-volume ratios.
These diagrams show that no ¢orrelation exists between +the
concentration ranges at which these t.uo effects occur: the rate of
rise of a bubble may be fully retard-d at a concentration of solute
where there is still no development oJf fcaminess by Test Method
3213, as is shown in Figures 127 and 128; cr the solution may hav: a
¢ trong propenzity to foam withcout there i1eing any signific int
retardation of the rate of rise of a bubble, az iz shown in Figure
129 for soluticns of Span 20 in mineral oil)l, or as reported in Tanle
29 for solutions of Aerosol OT in tmp-heptwnoate.
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SECTION XV
CONCLUSIONS

1. Surface activity of silicone polymers in synthetic lubricants:

(See Section III)

Silicone polymers are more soluble in synthetic lubricants than
in hydrocarbon oils. Unlike hydrocarbon-based solutes, which
hardly affect the surface tension of organic ligquids, silicone
polymers are strongly surface-active when dissolved; and can reduce
the surface tension by several mN/m (milliNewtons per meter.) This
surface activity explains the tendency of such solutions to foam.
The foam-inhibiting action of silicone polymers above their
solubility point, which is prcnounced in hydrocarbon oils, is absent
in tmp-heptanocate, perhap. Luecause the lowered surface tension of
the o0il, resulting f*cm the silicone polymer already in solution,
does not allow the undissolved silicone to spread on the foam
lamellae; which spre .ding is a requisite for a foam inhibitor.

2. Foam induced by o0il additives and mixtures thereof.

(See Section 1IV)

Tricresyl phosphate is not by itself a foam-inducing solute in
tmp-heptanoate, but when combined with certain other o0il additives,
such as N-phenyl-l-naphthylamine or phenothiazine, a synergism
occurs with respect to foam. We find that the tricresyl phosphate
promotes the rate of adsorption of 1its co-additives without
affecting their ultimate equilibrium.

3. Effects of o0il additives on compressional surface tension.

(See Section VIII)

A1 oil without any additive shcocws no change of its surface
tension when its surface is made t¢ contract; but the presence of a
surface~-active additive can be detected by this means, as the solute
adsorbed at the surface is compressed on contraction and a lowering
of the surface tension results. This test is more sensitive to
detect such an additive than a mere measurement of the equilibrium
surface tension, which, for most nonagueous solvents, shows almcst

n> change evven 1in the presence of a surface-active solute:
compression of the adsorbed film is required to bring its surface
concentration up to the detectable level. We find that the ability

of an 0il to foam correlates with a lowering of the surface tension
on contracting the surface, except in these cases where we have
reason to suspect the operation of an alternative mechanism of foam
stabilization (see paragraph 8 below.)

4. Effects of o0il additives on the rate of ascent of a bubble.

(See Section X1IV)

Another sensitive diagnostic test for the presence of surface
activity in an oil solution is the reduction of the rate of ascent

of a single bubble in the solution. As the bubble rises, the
adsorbed film (if one exists) is swept to the rear of the bubble,
where it 1s concentrated. The ultimate effect is a reduction of

the rate of ascent of the bubble by a factor of up to two-thirds.
We find that in the range of concentrations where this effect takes
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place, single bubbles floating on the surface of the 1liquid are
stabilized, although large volumes of foam are not obtained until
the concentration of solute is much greater.

5. Effects of o0il additives on gas entrainment. (See Section V)

Measurements of the entrainment of nitrogen gas by oils and oil
solutions reveal parallel behavior with measurements of foaminess.
The more productive of foam is the o0il solution, the more gas is
entrained on aeration and the slower is its rate of escape from the =
oil.

6. Effects of oil additives on gas solubility. (See Section X)

0il additives that stabilize o0il foam also increase the
solubility of nitrogen in the oil, The solubility of nitrogen
increases with pressure and decreases with temperature. The

increase of nitrogen solubility in these solutions also increases
their propensity to foam expansion on reducticn of pressure, e.q.
with altitude, in an aircraft engine.

A 7. Effects of oil additives on surface viscosity.
I (See Section VII)

The effect here ics small, so that foams of great stability, such
as are produced by socaps or detergents in water, the stabilities of
which are ascribed to a viscous or piastic skin, are not produced in
oil foams by the customary additives. The foams that are produced
fall into the class of transient or evanescent foams, like the foam
on a glass of champagne, with stabilities measured in seconds cr at
most a few minutes, In spite of these low stabilities, the oil
retains gas long enough to cause various problems in the functioning
of the lubricant.

i 8. Effect of 0il additives on electrical surface potential.

(See Section XI)

Some solutes (e.q. Aerosol OT, phenothiazine) in tmp-
heptanocate give solutions that foam, yet show no sign of surface
activity on contraction o¢f their surface. These solutions,
however, when tested for electrical surface potential, vield
appreciable values, demonstrating the presence of electric charges
at the liquid surface. These findings indicate the functioning of
the electrostatic mechanism of Derjaguin!?®, i.e., that foam may be
stabilized by charges of like sign on opposite sides of the liquid
lamellae, preventing, by their mutual repulsion, any thinning of the
liquid film that would normally take place, whether by hydrodynamic
drainage or capillary flow. The electrostatic mechanism is not
usually suspected as operative in oil solutions.

9. The influence of container shape on foam flooding.

(See Section XIII)

A vessel with outwardly flared sides promotes the molecular
l diffusion of gas through +the liquid lamellae, and so accelerates
d destabilization of the foam. Foam flooding that would occur in a
cylindrical container may be controlled by so designing vessel shape
, to allow the foam/air interface to0 increase in area as the foam
; expands in volume.
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SECTION XVI

R S

RECOMMENDATIONS FOR FURTHER INVESTIGATIONS

A

o The work reported here has settled upon two mechanisms out of 3

- the many that have been attributed by theorists as explanations for q

X foam stabilization. These are: A

i (a) The Gibbs-Rayleigh mechanism that ascribes local differences of Y
- surface tension in the 1lamella as the causative factor in its

N stability; and

N (b) The Derjaguin mechanism of electrostatic repulsion between
A opposite sides of the lamella as the causative effect.

- The former mechanism is demonstrated (see Section VIII above) by the
results obtained on contraction of the surface of the 0il solution,
where a difference of surface tension 1is observed if surface
activity 1s one of the properties of the o0il solution. The device
we used is slow in functioning compared to the rapid contractions
and expansions that occur in the actual units of a foam; but it
compensates for its slowness by the large factor of area contraction
that it performs on the liquid surface. An apparatus that would
come closer to matching the model of the Gibbs-Rayleigh mechanism
would reverse the emphasis, relying on a rapid rate of contraction-
expansion c¢ycling to compress and decompress the adsorbed solute
before the processes of desorption and adsorption, respectively,
have time to act; and therefore not requiring a large contraction-
expansion ratio to elicit the effect.
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A means to this end may be provided by the study of capillary
surface waves, A close relation exists between the properties of
surface waves and the dynamic response of an interface to a
disturbance of its equilibrium.*2 Both production and
stabilization of bubbles and foam depend on the same dynamic surface
properties that govern the propagation and damping of surface waves.
An analysis of the hydrodynamics and mass transfer interactions at
the ligquid/gas surface gives the surface viscoelastic properties in

terms of surface elasticity (dyne/cm) and surface viscosity (surface
poise.)

Lo
PU i}

v Al

.

i
rlch

Another technique to determine viscoelastic properties of the
liguid surface is the pulsating-bubble method.*3 44 45 The method y
B is based on the following principle: K
- A bubble of definite size is formed at the tip ¢f a small capillary,

dipped into a liquid. The bubble is forced by a special .
electromechanical system to radial harmonic pulsations of definite ):
amplitude. The force necessary to obtain the required pulsations -
of the bubble is measured as a function of the pulsation freguency
and the concentrations of solution. The magnitude of this driving

force depends on the viscoelastic properties of the liguid surface
surrounding the bubble.
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These techniguesg arec worth developing for o©il solutions, to B
which they have not vyet been appliczd, because they measure o
viecoelastic prvopertiss of the surface, which, for some aguecus
solutions at least have been shown to be related directly to foam
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stability.® Viscoelasticity is not measured directly by our
technique of detecting surface activity by contracting the surface,
as described in Section VIII above, although the property can be
inferred if changes of surface tension on compression are observed.
But viscoelasticity need not be occasioned solely by these changes
of the surface tension; it might be the result of other causes as
well, such as electrical charges at the surface, which, on expansion
or contraction of the surface of a solution that carries like
charges, would tend to initiate reverse movements of the liquid
surface, and so would damp ripples by an electrostatic mechanism.
Viscoelasticity engenderad in this way would account for the
foaminess of agueous solutions of electrolytes, which have higher
surface tensions than the solvent, so that the Gibbs-Rayleigh
mechanism of bubble stabilization would not explain the foaminess of
such salt solutions. In the same way, o0il solutions that show no
surface tension change on surface contraction may yet foam by an
electrostatically induced mechanism.

One of the results of the present work is the similarity of
behavior that it reveals between the 0il solutions that foam and
agqueocus solutions of weakly surface-active solutes, or even of
strongly surface-active solutes &at dilutions so dreat thal the
effect or the solute or the surface tension of water is Dbarely

perceptible. Presumably, 1like the o0il solutions that foam, they
too would show a decrease of surface tension on compression of their
surface. Such comparisons have not yet neen made, but should be

part of the continuing investigation.
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